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Abstract
Lignin is unique among biopolymers as it is the only abundant renewable
source of aromaticity, giving it potential both as a replacement for traditionally
petroleum-derived products, and as a biopolymer in its own right. Unfortunately,
most commercial-grade lignins available today have a relatively high metals content
and broad molecular weight distribution making them unsuitable for many applications. Thus, cost-effective separation processes must be developed if lignin is to
achieve its potential as a renewable biopolymer.
In this work, a technique called Aqueous Lignin Purification with Hot Acids
(ALPHA) was developed to purify lignin to metal impurity levels of less than 75
ppm and fractionate the lignin based on molecular weight. ALPHA is based on
the discovery in our lab that by combining lignin with acetic acid-water mixtures at
elevated temperatures, two liquids are formed: a solvated, lignin-rich phase containing
a purified, higher-MW lignin fraction and a solvent-rich phase containing the metals
and a lower-MW fraction. Both batch and continuous versions of the ALPHA process
were developed and investigated to obtain a better fundamental understanding of the
pseudoternary system of acetic acid-water-lignin.
Fundamental work was carried out to measure the solid-liquid to liquid-liquid
phase-transition temperature for this system; a method was developed utilizing electrochemical impedance spectroscopy, a technique that could also be extended to other
ii

polymer/solvent systems. Also, liquid-liquid phase compositions of the system were
measured in the regions applicable to ALPHA, with the partitioning of the lignin and
metal salts between of two phases being of particular interest.
An alternative method for the fractionation of the lignin was also achieved using gas-expanded liquids, namely CO2 expanded solvents composed of acetic acid and
water. Both gaseous and near critical CO2 were used as an anti-solvent to precipitate
lignin at various pressures, and the resulting fractions were characterized. Significant
differences in molecular weights between the fractions were achieved; however, no
evidence of significant functionality differences were observed.
In summary, ALPHA has shown itself to be a robust technique for producing
ultrapure (i.e., <75 ppm key metals) lignin fractions of well-defined molecular weight
from different lignin sources, and the molecular properties and phase-equilibrium data
that were collected are valuable resources for developing processing technologies to
convert current lignin by-product streams into upgraded, value-added products.
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Chapter 1
Introduction and Background
Lignin is a biopolymer found in the cell walls of vascular plants, first described
by a Swiss botanist, A. P. de Candolle. In the glossary of his book [1] published in
1813, Théorie élmentaire de la botanique; ou, Exposition des prinicpes de la classification naturelle et de l’art de décrire et d’étudier les végétaux, he describes lignin
as:
“...fibreuse, insipide, insoluble dans l’eau et l’alcool; soluble dans les lessives
alcalines faibles; précipitée par les acides; distillée à feu nu, laisse beaucoup de charbon; traitée par l’acide nitrique, laisse beaucoup de charbon;
est la base de tous les corps lignuex.”
which can be translated to:
“...fibrous, insipid, insoluble in water and alcohol; soluble in weak alkaline
solutions; precipitated by acids; when distilled over an open fire, it leaves
a lot of coal; when treated with nitric acid, it leaves a lot of coal; it is the
basis of all woody bodies.”

1

Figure 1.1. Proposed biorefinery product flow utilizing lignin for high-value applications.

Even in the 1800’s, it was clearly understood that lignin made up a significant
portion of biomass, and it wasn’t long before people began to try and find ways to
utilize it. Within a few decades, mechanical pulping of wood was developed to make
paper [2], quickly followed by chemical processes such as the sulphite process and the
Kraft process [3], where the lignin in the wood was separated from the cellulose. Since
then, there have been many studies on the characterization and use of this abundant
by-product.
Recently, however, interest in lignin has risen dramatically due to an effort to
move away from fossil fuels and towards renewable materials. Figure 1.1 illustrates the
product flow within an idealized biorefinery that takes advantage of the lignin, which
composes a significant percentage of the feed, for high-value applications, including
those where petroleum-derived products have traditionally dominated.

2

In order to understand how lignin fits into that picture, we must first discuss
the unique structure of lignin.

1.1

The Nature of Lignin
As mentioned above, lignin is a biopolymer found in almost all land-based

plants, where it resides primarily in the cell walls. The lignin forms a cross-linked
network both with itself and with another component called hemicellulose to act as
a “glue” and provide structural support to the plant. For this reason, depending on
the species of biomass, the amount of lignin will vary given the different needs of the
plant. For example, grasses tend to have less lignin as they do not require a strong,
rigid framework, whereas woody biomass tends to have more lignin given its need to
support large structures. Generally speaking though, lignin makes up approximately
25-30 wt% of biomass on a dry basis, and for this reason it is the one of the most
abundant biopolymers on the planet, second only to cellulose.
Lignin is also unique as it is not composed of the same carbohydrate monomers
as cellulose and hemicellulose. Instead, it consists of polymerized phenylpropane
monomers, presented in Figure 1.2, with the main difference being the degree of
methoxylation at the 3 and 5 positions of the aromatic ring. Depending on the
species of plant from which the lignin originates, the composition of these monomers
can vary. For example, softwoods tend to be composed primarily of coniferyl-derived
subunits (guaiacyl, or “G”), hardwoods tend to have a mix of both coniferyl and
sinapyl-derived subunits (syringyl, or “S”), and grasses tend to be mainly p-coumarylderived (p-hydroxyphenyl, or “H”). In the plant, these monomers are enzymatically
polymerized in a variety of ways, as presented in Figure 1.3, with the final product
being a random network polymer, presented in Figure 1.4, that also covalently bonds
3

Figure 1.2. The monomers of lignin.

to the hemicellulose, giving the plant the structural support while providing a system
for water conduction through the plant.
A keen observer will notice that a significant portion of the mass of the lignin is
carbon and is contained in aromatic groups, in this case functionalized benzene rings,
which makes lignin the largest renewable source of aromaticity. One can see how
this would be desirable as a replacement for petroleum precursors, as most aromatic
feed chemicals are derived from petroleum [4]. For example, the use of lignin as
is (or with very little functionalization) has been proposed for phenol-formaldehyde
resins [5, 6], polyurethane foams [7, 8], composites [9, 10], and even as a precursor for
carbon fibers [11]. Lignin can also be catalytically or enzymatically depolymerized
into smaller, monomer-like subunits for conversion into platform chemicals (e.g., BTX
chemicals [12]) that serve as the foundation for a significant portion of our chemical
needs [4].
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Figure 1.3. Examples of linkages found in lignin. Labels represent positions on each
subunit that are linked.

Figure 1.4. Example of a proposed structure of lignin, adapted from [13].

5

1.2

Recovery of Lignin from Biomass
Because lignin is present in the highest concentrations in woody biomass, trees

have been, and will most likely continue to be, the largest source of lignin. Nevertheless, much research has focused on the extraction and characterization of lignin
from other biomass sources. For example, lignin recovery from wheat straw has been
extensively studied, as it is an abundant agricultural waste [14]. Lignin from prairie
cordgrass, switch grass, and corn stover [15] has also been investigated.
Due to its recalcitrant nature, multiple techniques have been developed in order to separate lignin from biomass, each with its own advantages and disadvantages.
These methods were developed primarily for the recovery of cellulose, as it has traditionally had (and still has) much more use, e.g., historically for paper-making and
more recently for cellulosic ethanol. Lignin normally is considered a by-product of
these processes and is usually burned or discarded in a waste stream, but it is being
increasingly considered for applications that would generate a revenue source as to
make the concept of a bio-refinery a more profitable venture (see Figure 1.1).
There are many processes that have been developed for the purpose of recovering cellulose from lignocellulosic biomass in the form of a fibrous pulp in which the
lignin must be dealt with in one way or another. These so-called “pulping processes”
are generally sorted into three categories: mechanical, organosolv, and alkaline or
acidic pulping processes.

1.2.1

Mechanical Pulping
Mechanical pulping is the oldest form of pulping and utilizes mechanical energy

to weaken and free the cellulose fibers from the biomass. Commercial mills in the
United States using mechanical pulping techniques account for ∼8% [16] of the total
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pulp produced. Logs are first de-barked and then ground down with large abrasive
grinding wheels and the resulting mixture is suspended in water to form a pulp.
Although yields from mechanical pulping can be quite high (∼97%), the pulp contains
a significant amount of lignin and the resulting fibers are much smaller than from
chemical methods, which results in low-strength paper. For these reasons, mechanical
pulps are reserved for applications such as newsprint and catalogs. However, lignin is
not recovered during mechanical pulping processes, so they are of no further interest
here.

1.2.2

Organosolv Pulping
Organosolv processes were developed in an effort to ameliorate certain issues

related to alkaline pulping, namely the high investment costs in addition to air and
water pollution issues [17, 18]. Generally speaking, organosolv pulps are not as strong
as their alkaline counterparts (the word Kraft in German means “strength”), but can
be supplemented with inorganics [19] to aid in digestion of wood.
An organosolv process is a wood-pulping technique which utilizes an organic
solvent to dissolve away lignin and hemicellulose from the cellulose in the biomass.
Many organic compounds have been investigated, including alcohols, organic acids,
amines, and ketones; however, the most common are low molecular weight alcohols
(e.g., methanol and ethanol) and carboxylic acids (e.g., formic and acetic acid) [20].
The lignin obtained from organosolv processes tends to be more pure than from other
recovery processes, as good separation of lignin from the product cellulose is achieved
and very little inorganics are used. Current organosolv processes have been too expensive to be commercially viable [21], and to our knowledge, no commercial organosolv
products are currently on the market; however, they are still worth mentioning here,
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as the lignins obtained through organosolv methods can have attractive properties
(e.g., very low sulfur content).

1.2.2.1

Alcohols

There have been many research articles published on the use of short-chained
alcohols to pulp biomass. The two most common alcohols are methanol and ethanol,
and are discussed below.
The Organocell R process [22] reached the pilot-plant stage in 1987 (Munich,
Germany) with a capacity of 5 metric tons of bleached pulp per day. Organocell is a
two-stage pulping process that utilizes methanol as a pulping reagent to break down
the lignin via acidic hydrolysis. In the first stage, wood chips are digested in a 90
wt% solution of methanol (with the balance being water) at a temperature of 195 ◦ C
for approximately 2 hours. The water content is then increased and anywhere from
5-30 wt% of sodium hydroxide is added, along with a small amount (0.01 wt%) of
anthraquinone, which causes benzyl alcohols to oxidize to alpha-carbonyls, which are
less reactive and hinders condensation reactions. During this digestion, the cleavage
of ether bonds within the lignin molecule result in the solubilization of the lignin
in the pulping liquor. The cellulose remains as an insoluble fibrous solid known as a
“pulp”. The digestion continues for another 20 minutes, and then the pulp is collected
and processed into paper. The lignin can then be collected from the pulping liquor
via precipitation by reducing the pH with an acid, while the methanol and sodium
hydroxide can be processed and recovered for reuse.
The Alcell R process, originally called the APR process [20], was developed in
the early 1980’s and utilizes ethanol as the pulping reagent. A pilot plant came online
in 1983, and a demonstration facility with a production capacity of 33 tons of pulp
per day came online in 1989 [23]; however, to our knowledge, no commercial-scale
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units were ever built.
The Alcell system was designed to utilize batch extractors operating on 3-hour
cycles. Wood chips are soaked in a 50 v% solution of ethanol and water at its boiling
point. The liquor is then drained, and secondary and tertiary extractions take place
at 200 ◦ C and 28 bar. The lignin is depolymerized and ends up in the spent liquor,
while the solid cellulose left over in the vessel after being drained of the pulping
liquor is collected. The lignin is recovered via a flashing process, which also serves
to collect the solvent for reuse. The lignin obtained from this process is low in sulfur
content, and has been shown to be of generally low molecular weight and a good
partial replacement for phenol in phenol-formaldehyde resins [24].
Other alcohols such as propanol, butanol, and glycols have been studied, but
are not of interest here as no commercial-scale ventures have ever been pursued. For
more information, the interested reader is referred elsewhere [20].

1.2.2.2

Organic acids

Formic acid is known to be a good solvent for lignin, and multiple publications
are available that document its use as a pulping reagent [25–27]. Pulping can occur
with ∼65-90% aqueous formic acid at atmospheric pressures at temperatures from
140 to 200 ◦ C for 1-2 hours. The lignin, in the presence of formic acid, undergoes
hydrolysis, which breaks down the lignin polymer and dissolves it in solution. This
process can be expedited by the addition of organic solvents such as acetone, ethanol,
or methanol [28]. The lignin obtained from the spent liquor tends to be relatively low
molecular weight (i.e., <1,000 g/mol) and has been shown to be a good precursor to
other platform chemicals (e.g., phenol, benzene) [29]. However, the thermal instability
of formic acid requires that short residence times be used, and the process can be
complicated by the formation of an azeotrope between the formic acid and water.
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Acetic acid has also been studied as a pulping reagent. However, it was found
that aqueous acetic acid alone could not be used to produce a pulp, and that a mineral
acid, such as H2 SO4 or HCl, had to be added as a catalyst [30]. It was shown that
optimum pulps yields can be obtained, from both hardwood and softwood, using a
pulping liquor composed of 90% aqueous acetic acid and 0.2% sulfuric acid at 150
◦

C [31]. Many acetic acid pulping systems with other organic compounds, including

acetone [32], phenol [33], chloroethanol [34], and formic acid [35], have been studied.
The properties of the lignins obtained from acetic-acid pulps have been studied
[36] and were found to be similar to those obtained from Kraft pulps; however, the
reactivity of these lignins were observed to change during pulping [37]. Multiple
studies have been carried out to determine the nature of these reactions, and are
discussed further in section 1.6.

1.2.2.3

Other Organic Solvents

Many other organic solvents have been studied as reagents in organosolv pulping including, but not limited to phenol [38], cresol [39], ethyl acetate [40], amines [41],
ketones [42], and dioxane [43]. None of these solvents, however, were commercially
used to produce any significant quantities of lignin, so are of no further interest here.

1.2.3

Alkaline and Acidic Pulping
Alkaline and acidic pulping processes account for the majority of cellulose and

lignin production in the world, as they are more cost and energy efficient.
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1.2.3.1

Soda Pulping

Soda pulping is one of the simplest forms of alkaline pulping, and commercial
production contributes only about 5-10% of total pulp production in the world [44]
due to the limitations of the process (namely the poor pulping strength compared
to others). It gets its name from its main (and sometimes only) ingredient, sodium
hydroxide. During soda pulping, the biomass feedstock is treated with an aqueous
solution of sodium hydroxide (10-15 wt%) at temperatures between 150 and 200 ◦ C.
This feedstock is typically composed of agricultural wastes such as wheat straw and
bagasse, as the soda process is not as harsh as other processes and is more amenable
to the lower quantities of lignin present in these crops. In a slight variation to this
process, known as the soda-anthraquinone (soda-AQ) process, anthraquinone is added
to the liquor (0.1 wt%) which significantly increases delignification and carbohydrate
stability [45]. During these processes, the lignin is depolymerized via the cleavage of
ether bonds resulting in the solubilization of the lignin in the pulping liquor. The
cellulose remains as a fibrous solid pulp that can be easily collected. The lignin
remains dissolved in the pulping liquor which is either burned or discarded.
One of the main benefits of this process is the absence of sulfur. The presence
of sulfur in other pulping processes has multiple drawbacks. First, covalently bound
sulfur increases the recalcitrance of the lignin polymer, as the C-S bonds are not
as easily cleaved as their oxygen-based counterparts. For this reason, the molecular
weights of the lignin products resulting from soda pulping are generally lower than
other pulping processes. Second, the presence of sulfur in the lignin product can
significantly impede its use in high-value applications such as carbon fibers, as the
sulfur is known to deleteriously affect the final properties of carbon fibers [46]. Thus,
lignins derived from soda pulping may be more suitable for high-value applications.

11

1.2.3.2

Sulfite Pulping

Sulfite pulping is an acid pulping process [45] normally operated on the opposite side of the pH scale from soda pulping, that is, between a pH of 1.5 to 5. Here,
hydrolysis reactions occur in the presence of sulfurous acid (H2 SO3 ). During the sulfite process, wood chips are digested in sulfurous acid (prepared by absorbing sulfur
dioxide into water) at a temperature between 120 and 180 ◦ C for 1-5 hours. The
pulping liquor also contains counter ions, usually added in the form of hydroxides or
carbonates. During the pulping, acidic cleavage of ether bonds results in delignification and dissolution of lignin into the pulping liquor leaving behind a solid cellulose
pulp. However, a major reaction that also occurs is the sulfonation of the lignin
by the addition of sulfonic groups to the α-carbons of the lignin. Because of this
sulfonic-group addition, the sulfur content of the lignin is relatively high (4-8 wt%)
compared to other lignin products. This hinders its use in applications where the
presence of sulfur is problematic (as discussed in the previous section); however, it
also makes the lignin soluble in water over a large pH range, unlike any other lignins
being produced. As a result, sulfonated lignins today have a unique market niche
that is experiencing solid growth.

1.2.3.3

Sulfate (Kraft) Pulping

The sulfate (Kraft) process is the dominant pulping process in the world, and
accounts for ∼90% of the total production of pulp worldwide [45]. During the Kraft
process, wood chips are first impregnated with the white liquor (the pulping chemicals
of aqueous NaOH and Na2 S) and are then digested at ∼175 ◦ C for several hours.
During this step, the lignin is broken down by the cleavage of ether linkages, mainly
β-O-4 bonds [47]. The lignin fragments are soluble and dissolve in the pulping liquor,
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leaving the fibrous cellulose behind to be collected to make paper. What remains
is a mixture of inorganic pulping chemicals (including sodium sulfide and sodium
hydroxide with small amounts of sodium/calcium carbonate, sodium thiosulfate, and
metals from the wood), hemicellulose, and lignin; this mixture is called black liquor.
This black-liquor stream is then sent through a series of evaporators to concentrate the
black liquor, and then burned in a recovery boiler for its heating value. Although the
organics (lignin, hemicellulose, and other polysaccharides) are burned, the inorganic
salts are left behind and are collected, recausticized, and recycled back to the digestion
step. By burning the lignin, the paper mill can sustain its energy needs with very
little, if any, external input.
Due to (1) the superior qualities of the pulp that is produced (e.g., strength),
(2) the ability of the mill to recycle the inorganic pulping chemicals, and (3) generate
energy from the recovery boilers, the Kraft process has become the dominant pulping
process in the world, despite high capital costs along with air and water pollution concerns [17, 18]. Because of the very high cost of recovery boilers (i.e., $500 million and
up), Kraft mills can become bottle-necked at the recovery boiler, as the construction
of additional boilers is cost prohibitive. If in this case, even a relatively small fraction
(i.e., ∼30%) of the black liquor could be instead diverted to a lignin-recovery process,
this could not only free up space to produce more pulp to meet growing demand, but
also provide a second revenue stream for the mill.

1.3

Lignin Recovery from Black Liquor
Several processes for the recovery of lignin from black liquor, as well as the

alkaline liquor generated by soda pulping, have been developed and will be discussed
here.
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1.3.1

LignoBoost
Development of the LignoBoostTM process [48] began in the late 1990’s as

part of a Swedish research effort aimed at utilizing by-products from Kraft pulping,
including lignin. Lignin removal from the black liquor offered a lower-cost alternative
to the addition of recovery boilers at the mill, and an alternative revenue source for
the mill in the form of a clean precursor material. The precipitation of lignin from
black liquor was not a new technology at the time, as others had done that in the
past [49, 50], but problems including poor pH control, slow dewatering, filtering issues,
large lignin losses, and low-purity lignin needed to be addressed. The LignoBoost
process addressed these issues and is capable of producing a low-ash (∼0.8%) lignin
with a heating value of 26.7 MJ/kg [51].
In the LignoBoost process, black liquor is acidified with carbon dioxide to
precipitate the lignin, and the resulting slurry is filtered with a chamber press filter.
The filter cake is then re-dispersed in an acidic slurry and goes through a second
filtration step. This re-dispersion assures that any change in lignin solubility due to
a change in pH occurs in the slurry, and not in the cake, which mitigates the slow
dewatering problems mentioned above. The slurry is then filtered once more and the
solid lignin is collected. At the time of development, major advantages of this process
according to the authors [51] were: (1) lower filter volumes were required, which also
reduced wash-water volumes; (2) levels of sulfuric acid could be kept lower, saving
costs; (3) higher lignin yields; (4) lower ash content of the lignin, and (5) higher solids
content of the dried lignin product.
The lignin had the following properties [51]:
1. An average heating value of 26.7 MJ/kg, compared to 18-22 MJ/kg for raw
wood;
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2. An average solids content of 63%;
3. An average ash content of 0.8%,1 with the major contributors to the ash being
sodium, calcium, aluminum, and potassium;
4. An average sulfur content of 2.5% .

1.3.2

LignoForce
The LignoForceTM process [52] was also developed to improve the filterability

of lignin precipitated from black liquor; it does so by incorporating an extra oxidation
step before acidification to influence the precipitation and coagulation of lignin particles. In this process, black liquor is oxidized under controlled conditions (that are not
published) and then sent to lignin precipitation by the addition of carbon dioxide at
a temperature between 70 and 75 ◦ C until a pH of around 9.5 is reached. The lignin
is then filtered using a commercial filter, and the cake is washed with sulfuric acid
and water. The cake is then air dried. Filtration rates of lignin slurries from oxidized
black liquor compared to those of un-oxidized black liquor show dramatic increases
in filtration rate, up to 2.5 times faster. It was also found that the oxidation step
decreased the ash content of the final lignin product compared to the un-oxidized
method. It was claimed that the lignin-cake product had an average ash content of
0.1-0.7% and an average solids content of 60-62% [52], although to our knowledge no
other independent labs have reproduced these low-ash values.
1

Independent analyses of lignin produced via the LignoBoost process at Clemson revealed an ash
content of ∼2.5%.
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1.3.3

Sequential Liquid-Lignin Recovery and Purification Process
Much like the black-liquor processes described above, the Sequential Liquid-

Lignin Recovery and Purification (SLRPTM ) process consists of three main steps:
carbonation, acidification, and filtration [53]. However, the addition of carbon dioxide
to lower the pH of the black liquor and promote lignin precipitation is carried out at
elevated temperatures (i.e., >90 ◦ C) such that the lignin precipitates in the form of
a highly solvated liquid [54], and not a solid.
As presented in Figure 1.5, the process begins with the alkaline (black) liquor
entering the top of the CO2 acidification column. Carbon dioxide is bubbled in near
the bottom and lowers the pH the black liquor to ∼9.5 as it makes its way up the
column. Lignin precipitates as a highly solvated (primarily with water) liquid phase
and settles in the bottom, where it is then pumped to a sulfuric acid acidification
reactor. The pH is reduced to ∼2.5 at which point the lignin precipitates as a solid.
The solid-lignin slurry is then filtered in a filter press, and a lignin product containing
∼1% ash and a solids content of ∼65% is recovered.

1.4

Lignin Purification
When discussing lignin purification, it is important to note the context under

which this phrase is used. Lignin purification can refer to the separation of lignin from
other organic components found in the biomass (e.g., cellulose and hemicellulose).
However, the purity of lignin can also refer to the metal-salt or ash content of the
lignin.
Lignin purification, in the context of ash/metals removal, is an important step
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Figure 1.5. Simplified schematic of the Sequential Liquid-Lignin Recovery and Purification (SLRP) process.

in the valorization of this abundant material. Studies have revealed that the ash and
metals (primarily sodium) content of Kraft lignin when recovered with traditional
methods are too high for some high-value applications. For example, the presence of
inorganics when spinning carbon fibers causes defects during carbonization, weakening the fibers [46, 55, 56]. Also, cations present during the cationic-electrochemical
deposition of coatings causes the entrapment of metals in the film, which in turn
diminishes its corrosion resistance properties. For these, and other, high-value applications, it is therefore necessary to purify the lignin to levels much lower than
the ∼1-3% ash that is produced by current lignin-recovery technologies (e.g., SLRP,
LignoBoost, LignoForce).
In the work of Jönsson, Narin, and Wallberg [57], filtration methods (described
below) were used to isolate lignin from Kraft black liquor. They showed that a nanofiltration process carried out after the ultrafiltration of black liquor (to remove cellulose
and hemicellulose) can result in lignins of high purity, with a reported ash content of
0.31%. After an economic analysis of the process, they estimated a production cost
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of 33 euros per tonne of lignin.
Velez and Thies [54] also investigated the removal of ash from Kraft blackliquor lignins via a modified version of the SLRP process. Instead of reducing the pH
of the black liquor from its initial value all the way down to 9.5 in a single step, the
pH was reduced step-wise, and fractions were collected at pH intervals of 0.5. It was
shown that the selectivity of the inorganics with respect to the lignin was a function
of pH, and that the salts were selectively extracted into the spent black liquor phase
(i.e., away from the lignin), resulting in a reduction in ash content by a factor of
2 from the initial feed. However, no final acidification step was carried out on the
fractions, so their final ash content as low-ash lignin products was not determined.
In the work of Johansson [58], diafiltration was applied to black liquor for the
purposes of lowering the ash content of recovered lignin. The black liquor at 50 ◦ C
was passed over ceramic membranes with a cutoff of 5 kDa, and a permeate which
contained the lignin was collected. The permeate was then acidified with sulfuric acid
to a pH of 9, and the solids were collected via another filtration step. However, ash
contents of these samples were relatively high, ranging between 2 and 8%.
Other previously reported work on the purification of lignin in the context of
ash removal is limited. There are few reports of ash content; however, they do not
focus on ash removal.

1.5

Lignin Fractionation
As we have seen, lignin is not a single component, but a random copolymer of

phenylpropane subunits that exists in biomass as a network polymer. During pulping
operations, these networks are broken down and a lower molecular weight lignin is
recovered. Depending on the pulping process and the degree to which the biomass
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is pulped (as measured by the Kappa number), the degree of delignification/depolymerization varies. The lignin that ends up in the spent liquor (e.g., black liquor)
is therefore a polydisperse mixture. One can imagine that for current uses, such as
burning, this is not much of an issue as the structure of the polymer is insignificant. However, for higher-value applications, controlled molecular-weight ranges are
required. For example, imagine a biopolymer using lignin as a phenol replacement.
The molecular weight (and by extension size) of the molecule can affect the final
material properties, especially if used as a copolymer. Therefore, the fractionation of
lignin into specific molecular-weight ranges can be critical for some lignin applications.
Many methods have been developed, each with their own advantages and disadvantages, for fractionating lignin; they can be roughly grouped into three categories:
precipitation from pulping liquor, filtration, and solvent extraction.

1.5.1

Precipitation from Pulping Liquor
In this method of lignin fractionation, the spent pulping liquor containing the

dissolved lignin is treated with an acid to lower the pH and precipitate the lignin.
This reduction in pH can be done step-wise such that a precipitated lignin fraction
can be collected at each step, separate from other fractions. This serves as a way of
fractionating the lignin based upon its stability in solution as a function of pH. This
is arguably the simplest method, as elevated temperatures and/or pressures are not
required, and few reagents are utilized. However, one drawback can be the formation
of small lignin particles that make filtration difficult. This issue can, however, be
circumvented by precipitating the lignin as a liquid, as opposed to a solid, as is done
in the work of Velez and Thies [54] described below.
In the work of Garcia et al. [59], a spent liquor from the soda pulping of Mis-
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canthus sinensis, type of grass, was used for selective precipitation of lignin. This
was achieved by reducing the pH of nine identical pulping-liquor samples at ambient
temperature with sulfuric acid from a pH of 12.64 to as low as 0.72. Each of the
nine samples was brought down to a lower increment of pH than the previous one.
Therefore, a sample precipitated at a given pH also contained the lignin that had
precipitated at the higher pHs. Researchers found that significant precipitation did
not occur until a pH of 10.4 was reached, while the majority of precipitation did not
occur until a pH of 4.6. The fractions were characterized by GPC, and only small
differences in the molecular weight between the fractions were observed. Thermal
analysis via differential scanning calorimetry also revealed minimal differences between the glass-transition temperatures of the fractions. It was concluded that the
main difference between the fractions was the functional-group content, as measured
by 1 H-NMR of acetylated samples, but these differences were not quantified.
Velez and Thies [54] acidified a softwood black liquor with carbon dioxide at
115 ◦ C and 6.2 bar over a pH range of 13.6 to 9.5. In this work, the pH was reduced
incrementally, as was done by Garia et al. above. However, in this case, the spent
liquor from the previous precipitation step was recycled and incrementally reduced in
pH so as to collect the next fraction. Therefore, all fractions were taken from the same
one black-liquor sample, and the lignin precipitate at each step contained only the
lignin that would precipitate over the pH range of interest. (e.g., between 11.0 and
10.5), as lignin that had precipitated at the higher pHs had already been collected. A
total of seven fractions were collected over the pH range. It was observed that many of
the collected fractions exhibited a smooth, glassy appearance after precipitation and
settling, indicating the presence of a liquid phase at the elevated temperatures. This
was confirmed by softening-point measurements of the fractions in a sealed PVT cell,
which showed softening points below the operating temperatures of the precipitation
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experiments. It was also noted in this work that significant precipitation did not
occur until a pH of 11. The salt content was measured, and it was found that the
precipitated lignin had been purified of metals (e.g., sodium, potassium) to an ash
content half that of the original black liquor; however, no structural properties (e.g.,
molecular weight and functional-group content) were measured.
In other work by Nagy et al. [60], a softwood Kraft black liquor was acidified
with carbon dioxide at room temperature to a pH of 10.5, and 9.5, and two solid
fractions of precipitated lignin were collected. In this work, much like in that of
Garcia above [59], two identical black-liquor samples were acidified, with one being
precipitated at a pH of 10.5 and the other at 9.5. Thus, the 9.5 fraction contained both
the lignin that had precipitated at 10.5 as well as at 9.5. These samples were analyzed
via 1 H and 13 C-NMR, and significant differences were noted between the fractions and
the unprecipitated lignin. In particular, the precipitate contained about half as many
carboxylic and phenolic groups, along with lower degrees of polymerization.

1.5.2

Filtration
Filtration is also a common method for the fractionation of lignin that has been

investigated [57, 61–66]. The black liquor is passed over a semi-permeable membrane,
usually polymeric or ceramic, through which water and selected lignin molecules
(based on the membrane cutoff (pore) size), can pass, while higher molecular weight
lignin is retained. When carried out with a train of membranes with decreasing
cutoffs, lignin fractions of different molecular weights can be collected. This method
also has the advantage of being simple, as no chemical reagents are necessary, and
the only hardware required are a pump to generate pressure and the membrane. One
significant drawback of this technology, however, is fouling of the membranes.
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In the work of Toledano et al. [65], pulping liquor from the soda pulping of
Miscanthus sinensis was filtered using ceramic membranes with cutoffs of 5, 10, and
15 kDa. The permeates were treated with sulfuric acid to a pH of 2 to precipitate the
lignin. 1 H and
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C nuclear magnetic resonance spectroscopy (NMR), gel permeation

chromatography (GPC), Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and thermal gravimetric analysis (TGA) were then
carried out on the washed and dried solids collected from the acidic precipitation.
Number-average molecular weights of the 5 and 10 kDa permeate fractions did not
show a significant difference; however, the molecular weight of the 15 kDa permeate
was significantly higher, as expected. Also, no differences in their thermal behavior
(e.g., glass transition), or in the composition and functionality of the fractions (i.e.,
the ratio of monomeric units S, G, and H) were found by FTIR and NMR.

1.5.3

Solvent Extraction
Solvent extraction of lignin from biomass is also a common method for the

fractionation of lignin, albeit almost exclusively on a laboratory scale. As opposed
to the previously described processes where the lignin is directly recovered from the
pulping liquor, solvent-extraction methods generally start with the raw biomass, or
solid lignin that has already been recovered from its source. The lignin is then contacted with a variety of solvents including, but not limited to
Solvent extraction of raw biomass:
• Methyl isobutyl ketone, ethanol, and water (16/34/50 wt%) with catalytic
amounts of sulfuric acid [67];
• Dimethyl sulfoxide, dioxane, methanol, ethanol, ethyl acetate, and methyl isobutyl
ketone [15];
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• Dimethyl sulfoxide with varying amounts of lithium chloride with lithium chloride:wood ratios of 0.3:1 to 0.8:1 [68];
• Dioxane-water 82:18 (v/v) [14];
Solvent extraction of solid lignin:
• Sequential extraction with dichloromethane, then methanol, then a mixture of
the two [69];
• Acetone/water binary mixtures of different concentrations between 10 and 90%
of each component, or a 2 w/v% solution of ethyl acetate in water [70];
• Sequential fractionation with ether, ethyl acetate, methanol, acetone, and then
dioxane/water (9/1, v/v) [71];
• Sequential fractionation with water, dichloromethane, propanol, methanol, then
a mixture of methanol/dichloromethane (70/30) [72];
• Methanol [73].
In all cases, with one exception [67], samples were mixed with the selected
solvent at or near room temperature. In these cases, fractions of the lignin are
dissolved into the solvent, and then recollected either by precipitation via the addition
of an antisolvent, or by evaporating the solvent and collecting the solids that remain.
Characterization of the lignin fractions are then carried out, usually molecular-weight
analysis via GPC, thermal analysis via TGA and DSC, and functional-group analysis
via FTIR and NMR.
Another interesting method that could fall under the category of solvent extraction is the use of gas-expanded liquids (GXLs). As above, the lignin is dissolved
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Figure 1.6. Schematic of how gas-expanded liquids can provide a method for lignin
fractionation [75].

in a solvent, and then precipitated by the addition of an antisolvent. However, as
opposed to the work discussed above where the antisolvent is a liquid, in this case
the antisolvent is a gas that has a relatively high solubility in the solvent of choice.
Carbon dioxide is a common choice because of its inexpensive and abundant nature,
along with the fact that it has high solubilities in a wide range of organic solvents
at moderate pressures [74]. A generalized schematic of this process is presented in
Figure 1.6.
In the work of Eckert et al. [76], gas-expanded methanol was used as a solvent
to extract out low molecular weight fractions of lignin, including vanillin, syringol, and
syringaldehyde. Organosolv lignin was mixed with methanol at room temperature,
and the soluble fraction containing the low molecular weight species of interest was
dissolved in solution. Carbon dioxide was then added to the solution until precipitation was observed, which occurred at around 10 bar. Samples of the expanded-liquid
phase were then analyzed by GC-MS to quantify the amount of low molecular weight
species present in that phase. The pressure was then increased in increments, and
the same sampling procedure was repeated until the vapor pressure of CO2 at ex-
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perimental conditions was reached. It was observed that the concentration of the
low molecular weight species of interest in the solution increased as CO2 pressure increased; however, concentrations in the solution then began to drop between 12 and
20 bar. This was verified by measuring the cloud points of those species, which were
found to be between 20 and 23 bar. The results of this study indicate that from a
methanol solution containing 100 mg/mL of lignin, pressurization with CO2 to 13 bar
could result in the extraction of 1.0, 0.82, and 1.96 mg of syringol, vanillin, and syringaldehyde, respectively, per mL of methanol. However, the lignin that precipitated
was not analyzed.

1.6

Reactions of Lignin Under Acidic Conditions
One of the reasons lignin is appealing for biopolymer applications is that it

contains many reactive functional groups (e.g., phenolic and aliphatic –OH), making it
in principle a versatile polymer. However, this can also cause issues during processing,
as unwanted condensation reactions can lead to undesirable properties such as lower
functional-group content and increased molecular weight. Lignin can undergo both
polymerization and depolymerization reactions in acidic media such as acetic acid.
The following is a review of these reactions.
Acetylation of lignin (i.e., esterification between the alcohol groups present on
the lignin and a carboxilic acid, in this case acetic acid) has been reported [77, 78].
These were carried out in a solution of 90% aqueous acetic acid at temperatures above
150 ◦ C for 2-4 hours. Both aliphatic –OH and phenolic –OH groups were observed
to undergo acetylation; however, it was primarily observed on the aliphatic groups
because of the fact that the resonance-stabilized phenolate ion produced during the
reaction of phenols is less reactive than the aliphatic counterpart. Acetyl groups are
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prone to deacetylation followed by acidolysis [77].
Figure 1.7 illustrates six different reaction pathways that arylglycerol-β-aryl
ethers (i.e., β-O-4), the most common linkage in lignin between monomeric units, have
been reported to follow under acidic conditions. All six begin with the formation of a
carbocation at the alpha carbon of the propyl side chain as a result of acid-catalyzed
dehydration of the benzyl alcohol. From there, it can undergo one of six proposed
reactions:
1. Intramolecular dehydrative condensation, resulting in a coumaran product (product #1) [77, 78]
2. Cyclization of formaldehyde (produced in reaction 3) with the glycerol side
chain, producing a 1,3-dioxane derivative (product #2) [78]
3. Cleavage of the β-O-4 bond via elimination of the hydroxymethyl group at
the gamma position, as formaldehyde, resulting in a vinyl ether, followed by
hydrolysis, resulting in two lignin fragments: an aldehyde and an aryl compound
(product #3) [77, 78]
4. Cleavage of the β-O-4 bond via hydrolysis, resulting in a Hibbert ketone (product #4) [78, 79]
5. Intermolecular dehydrative condensation with an aromatic nucleus of another
lignin molecule (product #5) [78, 79]
6. Condensation of aromatic nuclei due to the presence of formaldyhyde from
reaction 3, resulting in the formation of diarylmethane structures (product #6)
[78]
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Figure 1.7. Reaction pathways of arylglycerol-β-aryl ethers in 90% acetic acid at 180
◦
C.
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Note: In reference to products 5 and 6, Sano et al. [77] concluded that positions para
to the methoxy group are more subject to nucleophilic attack.
Methods to inhibit condensation reactions during acidic pulping of wood by
the addition of aromatic compounds to the pulping liquor have also been investigated.
Wayman and Lora [80] screened forty different aromatic compounds for their abilities to inhibit condensation. The aromatic compounds tested were chosen for their
abilities to react with electrophilic substances (i.e., act as a “carbonium scavenger”)
and essentially block those sites from condensation with other lignin moites. It was
found that the effectiveness of each compound depended on its ability to undergo
a single electrophilic substitution such that it does not act as a cross-linking agent.
2-naphthol, along with multiple isomers of xylenol, were found to act as effective
carbonium scavengers and inhibit the condensation reactions irreversibly.

1.7

Aqueous Lignin Purification with Hot Acids
Although lignin’s potential as a biopolymer has been illustrated, there are still

issues with the use of lignin derived from Kraft processes. First, the polydispersity
of lignin makes it difficult to control the final properties (e.g., thermal properties)
of the copolymer product. The heterogeneity of lignin must also be considered, as
the composition of lignin can vary depending on the source, making functionality
and reactivity important characteristics to monitor. Second, the presence of large
quantities of inorganic metals as a consequence of the pulping process hinders its
applications to high-value materials as previously discussed.
In this work, a process to address these two main issues of heterogeneity/polydispersity and impurity content was developed after a key discovery and was given the
acronym ALPHA, which stands for Aqueous Lignin Purification with Hot Acids. By
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taking advantage of the unique liquid-liquid phase behavior exhibited by hot mixtures
of acetic acid, water, and lignin, we have developed the means to both fractionate
lignin by molecular weight and simultaneously to purify lignin so that key salt levels
are <100 ppm.

1.8

Dissertation Outline
As demonstrated above, there exists the need to develop methods that can pro-

cess the lignin generated by pulping operations into a suitable precursor for biopolymer applications. This dissertation focuses on two specific endeavors of that process,
namely (1) purification of the lignin to remove inorganic salts and metals left behind
from the pulping process, and (2) fractionation of the lignin to produce any arbitrary
fraction of a given molecular weight and polydispersity suited for a particular need.
Chapter 2 focuses on the development of ALPHA as a batch process. The
effects of solvent composition and solvent-to-lignin ratio on the resulting lignin-rich
phase were measured, including the distribution of lignin between the two liquid
phases that formed, the molecular weights of the lignin in each phase, and the salt
content of the lignin-rich phase. A two-stage batch process was then carried out, and
ultrapure lignin samples with sodium contents of 25 ppm were produced.
Chapter 3 focuses on determining the temperature-induced phase transition
from solid-liquid equilibrium (SLE) to liquid-liquid equilibrium (LLE) for the acetic
acid-water-lignin system. The traditional methods for measuring these types of transitions, such as differential scanning calorimetry or dynamic thermal analysis, were
not found to be capable of making these measurements due to the presence of a significant amount of solvent. Instead, a method known as electrochemical impedance
spectroscopy (EIS), traditionally used to characterize energy-storage devices, was de29

veloped in collaboration with Dr. Roberts’ group. It was found that the polarization
resistance of the lignin-acetic acid-water system is a well-behaved function of temperature, and goes through a maximum at the SLE to LLE phase-transition temperature.
EIS was then used to construct a T-x-y phase diagram of the lignin-acetic acid-water
system.
Chapter 4 focuses on the conversion of ALPHA to a continuous process in order
to determine the effect of reduced residence times on both condensation reactions
and on the extraction of metals from the solvated lignin to the solvent phase. Four
lignins were investigated (3 Kraft, and 1 organosolv) and all could be converted into
a homogeneous lignin-water slurry at ambient temperatures, facilitating continuous
operation. When a static mixer is used for the mixing and equilibration device,
reducing residence times to 20-30 s, condensation reactions are essentially eliminated.
Furthermore, the tenfold reduction in metals content (e.g., sodium content reduced
from 1400 to <100 ppm) was equal to or better than the values obtained by singlestage batch processing. Thus, continuous ALPHA can be used to obtain an ultrapure,
metals-free lignin of well-defined and controllable molecular weight.
Chapter 5 focuses on the fractionation of lignin with gas-expanded liquids
(GXLs), using compressed gaseous CO2 as an antisolvent to expanded solutions of
acetic acid and water and thus precipitate out dissolved lignin. A Kraft lignin was
precipitated into 7 fractions of decreasing molecular weight (i.e., from ∼15,000 to
1,250) by expanding a concentrated acetic acid-water solution with CO2 , starting at
a pressure of 7 bar and extending to 55 bar. A key, surprising find in this work was
that the lignin chemical functionality (e.g., phenolic content) hardly changed between
the different molecular-weight fractions. Thus, GXLs give us an alternative method
for generating lignin fractions that exhibit significant differences from those obtained
via conventional means. Condensation reactions catalyzed by the acetic acid did
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occur, but the effect of these reactions was small for most of the recovered fractions.
Chapter 6 focuses on the phase composition measurements that were made for
the lignin-acetic acid-water system. Samples of each phase were generated via a batch
process and analyzed by titration and gravimetric analysis. The molecular weight of
the lignin in each phase was also measured by GPC. The data illustrate a large region
of LL immiscibility where the distribution of lignin between the two phases can be
tuned to provide ultrapure (i.e., <100 ppm key metals) molecular weight fractions
that ideally will be used for high-value materials applications. The measured tie lines
at 70 and 95 ◦ C illustrate the non-equilibrium, pseudo-ternary nature of the system;
however, this is expected due to the oligomeric and reactive nature of lignin. Phase
compositions were observed to shift as a function of feed composition along a given tie
line, and a broadening of the region of LL immiscibility with increasing temperature
is indicative of condensation reactions that form an insoluble fraction. Interestingly,
no significant selective partitioning of the acetic acid and water between the solvent
and lignin phases was observed.
Finally, conclusions and recommendations for future work are laid out in Chapter 7.
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Chapter 2
Recovering Ultraclean Lignins of
Controlled Molecular Weight from
Alkaline Black-Liquor Lignins
2.1

Abstract
A powerful, versatile, and renewable solvent system that takes advantage of

novel liquid-liquid phase behavior has been discovered that can simultaneously purify,
fractionate, and solvate Kraft lignins, called the Aqueous Lignin Purification with
Hot Acids (ALPHA) process. In particular, hot acetic acid-water mixtures of varying
composition can be used to isolate low, medium, and high molecular weight lignin
fractions, with only two extraction steps being required to produce ultrapure fractions
containing less than 50 ppm sodium and 150 ppm total metals content. Furthermore,
as both the solvent-rich and lignin-rich liquid phases can serve as product streams,
high yields are obtained.
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2.2

Introduction
Lignin is one of the worlds most abundant organic polymers, comprising about

30% of woody biomass on a dry basis. Only cellulose is more abundant. Commercial
recovery of the vast majority of lignin is accomplished today in a pulp-and-paper
mill, with the Kraft pulping process being dominant with 95% of the market [1]. In
particular, during the pulping process the bonds that link lignin and cellulose in the
plant cell wall are broken via a hot (170 ◦ C) aqueous solution of sodium hydroxide
and sodium sulfide, dissolving most of the lignin and freeing the cellulosic fibers
from the wood matrix as a pulp that is then used to make paper [2]. The resulting
solution forms a by-product stream known as black liquor, which represents a huge
potential source of lignin (50 million tons/yr [3]). Typically, this lignin-rich black
liquor is burned for its heating value in a recovery boiler, as only about 0.2% of the
lignin generated from pulp mills is recovered for nonfuel uses [3]. However, lignin
potentially has far more value as a renewable biomaterial or biopolymer [3, 4].
Lignin is unique among renewable biopolymers in having significant aromatic
character, making it attractive as a “green” replacement for petroleum-derived counterparts. Thus, several processes for recovering lignin from black liquor have been
developed in recent years. Three that are either commercialized or in advanced development are LignoBoostTM , LignoForceTM , and Sequential Liquid-Lignin Recovery
and Purification, or SLRPTM [5–7]. All are capable of generating lignins from Kraft
black liquor (i.e., “Kraft lignins”) that are relatively low (1-3%) in ash and metals content (e.g., 1,500-7,500 ppm sodium). Although such purities are suitable for
lower-value applications (e.g., phenolic resins, polyurethane foams, and clean-burning
biofuels [8]), “ultraclean” lignins (i.e., those with metals contents of <100 ppm Na)
are required for higher-value applications of significant societal impact. For example,
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lignin precursors suitable for conversion into carbon fibers for structural automotive
applications must be ultraclean, as metal impurities >100-200 ppm create flaws in
the fibers upon carbonization, deleteriously affecting their properties [9–11].
Lignins of low metals content can be obtained with organosolv processes
[12–14], where one starts with the original woody biomass (instead of black liquor),
and an aqueous organic solvent (e.g., a hot ethanol-water solution [12]) is used to
carry out the pulping process. Because few inorganic pulping chemicals are used,
the resulting lignin product has a low ash/metals content. However, companies that
produce organosolv lignins have had difficulty competing [15] because organosolv processes are expensive [8].
We have discovered that when Kraft lignins are combined with hot acetic
acid-water mixtures at the appropriate conditions, two equilibrium liquid phases are
formed, with the metal salts being extracted into the solvent-rich phase and an ultraclean, lignin-rich phase being obtained as the desired product. Less than 50 ppm
Na and less than 100 ppm total metals content in the isolated “liquid-lignin” phase
is readily achieved, as the metal salts readily diffuse out of the lignin phase and into
the solvent phase. Furthermore, the solvent composition can be “tuned” to partition
the feed lignin between the solvent-rich and lignin-rich liquid phases according to
molecular weight. Finally, the liquid-lignin phase is highly solvated, so that it has
the potential to be immediately processed into useful products.
Kubo et al. [16] used acetic acid-water mixtures to fractionate lignins obtained
from organosolv pulping. The work was carried out at ambient temperatures, so extractions were carried out in a region of solid-liquid equilibrium (SLE). There were
no metals to extract in this organosolv lignin, but if this method was applied to a
Kraft lignin, the insoluble solid-lignin phase would have its original metals content.
Lachenal et al. [17] used hot acetic acid-water mixtures to extract a residual lignin
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from pulp, but the pulp still contained unextracted lignin that was discarded untreated. No metals information was given. Other workers [18–21] used mixed organic
and aqueous solvents at ambient temperatures to fractionate lignin in the SLE region, but did not report on any metals extraction. Zhang and Ogale [22] applied
acid washing to Kraft lignin in preparation for carbon-fiber spinning, but even an
impractical 25-30 washes with 1N HCl at a 10:1 acid:lignin ratio did not achieve the
metals removal of the method described herein. In summary, no other lignin treatment methods reported in the literature have exhibited the ability to simultaneously
clean, fractionate, and solvate lignins without washing.
In this study, phase-transition temperatures from SLE to liquid-liquid equilibrium (LLE) were determined for the system Kraft lignin-acetic acid-water as a
function of solvent composition. Once these phase boundaries were determined, we
then measured the distribution of both lignin and metals between the solvent-rich and
lignin-rich liquid phases as a function of solvent composition at various temperatures.
Molecular weights of the lignin fractions distributed between the two phases were determined via gel permeation chromatography (GPC). Finally, a two-stage extraction
was carried out to conceptually demonstrate the ranges of purity and molecularweight control attainable with our so-called Aqueous Lignin Purification with Hot
Acids (ALPHA) process.

2.3
2.3.1

Materials and Methods
Materials
A low-ash Kraft lignin was recovered from a softwood black liquor with a

Kappa number of 25 and a solids content of 42 wt % by means of the SLRP process.
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Glacial acetic acid (cat. no. MKV193-45) was supplied by VWR. Deionized water
was obtained from an in-house distillation apparatus followed by a water purification
unit (Millipore Milli-Q Academic). For GPC analysis, lithium bromide (cat. no.
35705-14) and HPLC grade (99.7+%) N,N-dimethylformamide (cat. no. 22915-K7)
were obtained from VWR.

2.3.2

Experimental
For the phase-transition measurements, specified mixtures of acetic acid (glacial,

99.7% purity), water (distilled and deionized), and lignin (softwood Kraft black-liquor
lignin from SLRP process, Kappa no. 25, 80-100 mesh particle size, 1.2% ash, 1400
ppm Na, 690 ppm K+Ca, 2300 ppm total metals) were prepared in sealed, 20-mL,
flat-bottom headspace vials (VWR Part No. 66064-348). The compositions of the
solvent-lignin mixtures were chosen to cover solvent compositions ranging from pure
acetic acid to pure water and solvent-to-lignin ratios from 2 to 9. The prepared vials
were placed in a mineral-oil bath, and a magnetic stir bar was added to the vials for
temperature uniformity and to assist in observation of the phase transition. Continuous stirring of the vial contents was employed at 350 rpm. The temperature of the
oil bath was then increased at a rate of 0.5 ◦ C/min until a phase transition was observed as described below. The temperature in the sample vials was monitored with
a Type K 1/32” o.d. sheathed thermocouple inserted through the silicone septum
and read with a digital thermometer. This thermocouple setup was checked against a
calibrated secondary standard RTD (Burns Engineering) and is capable of measuring
temperatures to within ±0.5 ◦ C.
To determine the distribution of lignin and metals between the solvent-rich
and lignin-rich phases in the region of LLE, the experiments described above were
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carried out as before except with the following changes: the oil bath was preheated
to the desired temperature in the LLE region above the SLE-LLE phase-transition
temperature (e.g., 70 ◦ C for measurements up to 40/60 AcOH/H2 O). The prepared
headspace vials were then inserted into the bath, and the desired LLE phase separation occurred within 5-10 min. The phases were then allowed to equilibrate for
15-20 min. Next, the solvent-rich phase was drawn off with a syringe and dried in a
vacuum oven at ambient temperatures. The amount of lignin in that phase was determined gravimetrically, and the metals content of the dried lignin was analyzed via
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and molecular
weight analysis of the dried lignin was performed by gel permeation chromatography
(GPC). An identical analytical procedure to that described above was used for the
lignin-rich phase.

2.3.3

GPC Analysis
Lignin samples from the lignin-rich and solvent-rich phases generated by the

ALPHA process were analyzed by gel permeation chromatography (GPC) to determine the extent to which fractionation by molecular weight had occurred. The fractions were analyzed using an Alliance GPCV 2000 instrument. Two columns were
used in series: a Waters Styragel R HT5 column (10 µm, 4.6 mm x 300 mm) followed
by an Agilent PolarGel-L column (8 µm, 7.5 mm x 300 mm); the mobile phase consisted of 0.05 M lithium bromide in N,N-dimethylformamide (DMF) at a flow rate of
1 mL/min. Poly(ethylene glycol) calibration standards were used for estimation of
number-average molecular weight. Samples were dissolved in the mobile phase at a
concentration of 1 mg/mL and filtered using a 0.2 µm nylon-membrane syringe filter
(VWR, part no 28145-487). Detection of PEG standards was by refractive index us-
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ing a Waters differential refractometer, and detection of lignin samples was by UV-vis
with a Waters 2487 detector at 280 nm [23].

2.3.4

ICP Analysis
Metals content in the (dried) lignin-rich phase was determined via inductively

coupled plasma atomic emission spectroscopy (ICP-AES). Analyses were carried out
using a Spectro Analytical Instruments spectrometer, model ARCOS. To prepare
a typical sample for analysis, 0.1 g of a dried sample was pre-digested in 5 mL of
concentrated nitric acid at ambient temperature for 30 min. Sample digestion was
then started by heating to 125 ◦ C for 90 min, followed by the addition of 3 mL of
hydrogen peroxide and heating to 125 ◦ C for 60 min. Three more mL of hydrogen
peroxide were added, and the sample was kept at 125 ◦ C for 60 min. Finally, the
sample was dried at 200 ◦ C for 1 h. The above dried samples were diluted in 10 mL
of 1.6 M nitric acid and, after cooling, in another 50 mL of deionized water. The
resulting liquids were then transferred to the ICP tube for analysis and detection.
Error in metals analysis was ±15 ppm and was determined by analyzing a single
sample 6 times and determining the standard deviation of the set.

2.4

Results and Discussion
At ambient temperatures, solid lignin particles were observed suspended in

the solvent due to the action of the magnetic stir bar. At lower AcOH/H2 O ratios
(e.g., 40/60 and lower), the solvent solution was clear, albeit with a tea-like color; at
higher AcOH/H2 O ratios (65/35 and above), the solution became darker and more
difficult to see through, and a light source was required to see the particles. (The
color of the solution was an indication of the extent to which the lignin was soluble
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Figure 2.1. Photographs illustrating the SLE to LLE phase transition for lignin in the
acetic acid-water system. a) Lignin being stirred in solvent at room temperature, b)
lignin swelling approx. 10 ◦ C from phase-transition temperature, c) lignin-rich phase
formed at bottom of vial just after phase transition, d) lignin-rich phase settled to
bottom after reaching final temperature of 70 ◦ C.

in the solvent phase.) As the temperature approached to within ∼10 ◦ C of the SLE
to LLE phase-transition temperature, noticeable swelling of the solid particles was
observed. This swelling continued to increase with temperature until the swollen
particles began adhering to each other to form globules. As these globules continued
to increase in size, they became so large that they could no longer be suspended in
the solvent by the convective action of the stir bar and fell to the bottom of the vial,
where they agglomerated to form a continuous, lignin-rich, liquid phase. The time
from which the lignin globules were observed to begin falling from the solvent phase
to their agglomeration to form a lignin-rich liquid phase was only ∼5 s. Photographs
of the phase transition are presented in Figure 2.1.
The temperature at which the globules fell from solution was recorded as the
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Figure 2.2. Solid-liquid to liquid-liquid phase-transition temperatures for lignin in
acetic acid-water mixtures at elevated temperatures.

SLE-to-LLE phase transition. Duplicate measurements were taken, and the transition temperatures shown in Figure 2.2 as a function of feed-solvent composition
are believed to be accurate to better than ±1.0 ◦ C. Note that the phase-transition
temperature is a strong function of solvent composition: for high AcOH/H2 O ratios
the region of LLE begins at temperatures as low as 30-40 ◦ C, whereas at high water
concentrations this region does not appear until 100 ◦ C. The increase in temperature for the LLE region when glacial acetic acid is the solvent is not surprising, as
the propensity of pure acetic acid to dimerize is well-known [24]. The weight percent lignin present in the starting solid-liquid mixture is also shown in Figure 2.2;
here we see that the phase-transition temperature decreases with increasing lignin
concentration.
To ensure that the observed transitions were temperature-induced vs. reactioninduced and/or a gel-forming phenomenon, the molecular weight of the lignin feedstock was compared to that of the lignin recovered in the lignin-rich phase immediately after the phase transition; no significant increase in the molecular weight was
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observed.
Figure 2.3a presents the distribution of lignin between the two liquid phases.
Depending on the solvent composition, we can distribute most of the lignin into either
phase. For example, for a 30% water feed, ∼70% of the lignin will be dissolved in the
solvent-rich phase; however, by increasing the water concentration to 40%, we can
flip the distribution so that ∼70% of the lignin is dissolved in the lignin-rich phase.
The region between 30% and 60% water would be expected to be of greatest use for
a separation process, as this is where the largest swings in lignin distribution occur.
One unique advantage of fractionating Kraft black-liquor lignin in the LLE
region is that one lignin fraction is cleaned of metals simply by separating the two
liquid phases created above; only a drying step with no washing is required. For
example, Figures 2.3a and 2.3b show how 70-90% of the SLRP lignin with an initial
sodium content of 1400 ppm (the dashed horizontal line) is cleaned to <200 ppm Na
using a single extraction step at 70 ◦ C when using a solvent system of 40-60% AcOH
in water. Furthermore, selectivities for the solvent phase to preferentially extract the
metals away from the liqnin-rich liquid phase range from 15 to 50 [25], which is on the
high side of those present in successful commercial extraction processes [26]. Figure
2.3b also shows how the higher molecular weight lignins preferentially distribute into
the cleaned, lignin-rich phase. With increasing water content in the solvent feed, the
solvent becomes weaker, and only the lower molecular weight lignins are dissolved in
the solvent phase. The large increase in lignin molecular weight with solvent power
at 70/30 AcOH/H2 O seen in Figure 2.3b may be a result of lignin condensation
reactions and will require further investigation. Reducing the residence time for the
lignin-rich phase at elevated temperatures, for example via continuous processing,
may be necessary if such a molecular weight increase is seen as undesirable.
With the above encouraging results for a single-stage extraction, we added a
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Figure 2.3. (a) Distribution of lignin between the solvent-rich and lignin-rich phases
when contacted with a range of acetic acid-water mixtures at 70 ◦ C and a solvent-tolignin ratio of 9. (b) LHS: molecular weight of the lignin contained in the lignin-rich
and solvent-rich phases; RHS: sodium content of lignin contained in the lignin-rich
phase.
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2nd stage to see just how low we could drive the metals content of the recovered lignin
fractions. A 50-mL Parr reactor system (model no. A2236HCEB), with the vessel
modified to have a conical bottom, was used for these experiments (see Figure 2.4).
An operating temperature of 95 ◦ C was chosen so that all stages would be operating
in the LLE region. Analysis of the phases was performed as described above. As
shown in Figure 2.4, a 50/50 AcOH/H2 O solvent system was used for the 1st stage
of extraction, splitting the lignin between the solvent-rich and lignin-rich phases, and
extracting most of the metals into the solvent phase. The resulting lignin-rich liquid
phase from stage 1 was then contacted with a 70/30 AcOH/H2 O solvent mixture
(only a stronger solvent system could be used, as the molecular weight of this lignin
fraction was significantly higher than the starting lignin) so as to separate out yet
additional solvent and lignin-rich liquid phases. It is important to note that after
this 2nd stage, both the solvent and lignin phases were ultraclean, containing <50
ppm sodium in either phase. Furthermore, as shown by the GPC results, the two
ultraclean lignin fractions were significantly different in molecular weight. Finally,
the high molecular weight fraction from stage 2 was solvated in a liquid-lignin phase
that contained 68 wt% solvent, which could be suitable “as is” for processing. Thus,
using only two stages, the ALPHA process generated ultraclean, fractionated, and
solvated fractions of lignin. We also note that multiple options of the above 2-stage
extraction process can be envisioned, in which different AcOH/H2 O compositions are
fed to the two stages in order to obtain ultraclean lignins encompassing a range of
molecular weights.
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Figure 2.4. Multistage lignin fractionation, purification, and solvation (i.e., ALPHA)
process for producing ultrapure lignin. The low molecular weight (MW) lignin comprised 50% of the feed lignin, the medium molecular weight 20% and the high molecular weight 30%. Different mass ratios of the lignin fractions are readily obtained by
varying the AcOH/H2 O feed ratios.
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2.5

Conclusions
By operating in a region of liquid-liquid equilibrium, hot acetic acid-water

mixtures can be used to simultaneously clean, fractionate, and solvate Kraft blackliquor lignins. Lignin-rich liquid phases of controlled molecular weight with key metals
contents reduced to <50 ppm can be produced with only two stages of extraction and
are obtained without a washing step. Also, this solvent system has shown to be very
versatile in that by simply changing the solvent composition, the distribution of lignin
can be tuned to produce fractions of lignin for any arbitrary application as both the
solvent-rich and lignin-rich liquid phases can serve as product streams.
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Chapter 3
Identifying Thermal Phase
Transitions of Lignin-Solvent
Mixtures Using Electrochemical
Impedance Spectroscopy
3.1

Abstract
Lignin is unique among renewable biopolymers in having significant aromatic

character, making it potentially attractive for a wide range of uses from coatings to
carbon fibers. Recent research has shown that hot acetic acid (AcOH)-water mixtures
can be used to recover “ultraclean” lignins of controlled molecular weight from Kraft
lignins. A key feature of this discovery is the existence of a region of liquid-liquid
equilibrium (LLE), with one phase being rich in the purified lignin and the other rich
in solvent. Although visual methods can be used to determine the temperature at
which solid lignin melts in the presence of AcOH-water mixtures to form LLE, the
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phase transition can be seen only at lower AcOH concentrations due to solvent opacity.
Thus, an electrochemical impedance spectroscopy (EIS) technique was developed for
measuring the phase-transition temperature of a softwood Kraft lignin in AcOHwater mixtures. In electrochemical cells, the resistance to double-layer charging (i.e.,
polarization resistance RP ) is related to the concentration and mobility of free ions
in the electrolyte, both of which are affected by the phases present. When the ligninAcOH-water mixture was heated through the phase transition, RP was found to be
a strong function of temperature, with the maximum in RP corresponding to the
transition temperature obtained from visual observation. As the system is heated,
acetate ions associate with the solid lignin, forming a liquefied, lignin-rich phase.
This association increases the overall impedance of the system, as mobile acetate ions
are stripped from the solvent phase and thus are no longer available to adsorb on
the polarizing electrode surfaces. The maximum in RP occurs once the new ligninrich phase has completely formed, and no further association of the lignin polymer
with AcOH is possible. Except at sub-ambient temperatures, the phase-transition
temperature was a strong function of solvent composition, increasing linearly from 18
◦

C at 70/30 AcOH/water to 97 ◦ C at 10/90 wt% AcOH/water.

3.2

Introduction
Lignin is one of the most abundant biopolymers, comprising about 30% of

woody biomass; only cellulose is more commonplace. Furthermore, lignin is unique
among renewable biopolymers in having significant aromatic content, as its molecular
structure consists of interconnected and substituted phenylpropane units [1]. Thus,
lignin is attractive for a wide range of uses for which renewable aliphatic polyesters
such as polyglycolic acid (PGA) and polylactic acid (PLA) are less than suitable,
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including phenol-formaldehyde resins [2, 3], polyurethane foams [4, 5], specialty composites [6, 7], and carbon fibers [8].
Because of the recalcitrant nature [9] of lignin, many studies have been carried
out on the extraction and recovery of lignin from biomass. For example, lignin recovery from wheat straw has been extensively studied, as it is an abundant agricultural
waste [10], as well as from prairie cordgrass, switchgrass, and corn stover [11]. For
the extraction of lignin from wood, organosolv processes in which the wood is pulped
with an organic solvent have been extensively employed [12, 13]. However, these processes have generally not been successful at producing lignin in a cost-competitive
manner [14].
An alternative source of lignin is black liquor, a key by-product stream in
the Kraft process, which is used to produce 95% of the wood pulp in the world
today [15]. Approximately 50 million tons/yr of lignin are available worldwide from
black-liquor streams [16]; however, only about 0.2% of this lignin is recovered and
sold commercially; the rest is burned in the recovery boiler of the pulp mill for its
fuel value [16]. A significant issue that arises from the proposed use of this lignin for
nonfuel applications is that black liquor contains 20 wt% metals on a dry basis [17],
primarily sodium added through the pulping chemicals sodium hydroxide and sodium
sulfide. Several processes now exist for recovering low-ash lignin (containing 1-4% ash
and <1% Na) from Kraft black liquor [18–20] (henceforth referred to as Kraft lignin),
but many higher-value applications will require the recovered lignin to be “ultraclean”,
that is, to contain less than 100 ppm metals [21–23].
Recently, our team has discovered [24, 25] that when Kraft lignin (a solid) is
added to hot acetic acid-water mixtures, it dissolves to form two distinct liquid phases:
(1) a solvent-rich liquid phase that preferentially extracts the metal salts along with
the lower molecular weight lignin and (2) a lignin-rich liquid phase with a greatly
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reduced metals content that contains the higher molecular weight lignin. Subsequent
tests with our so-called ALPHA (Aqueous Lignin Purification with Hot Acids) process
indicate that the sodium content of the recovered, higher molecular weight lignin can
be reduced to 25 ppm in two simple extraction steps with no additional washing
[24, 25].
An important finding in the above work is that the temperature of the phase
transition from solid to liquid lignin is a strong function of solvent composition. A
visual method was used to detect this phase transition; however, for acetic acid/water
ratios greater than 60/40 by mass, the solvent phase becomes dark and difficult to
see through as it dissolves increasing amounts of lignin. Traditional methods for
measuring phase transitions were attempted, but proved to be unsuccessful because of
the unique nature of our system, namely, the presence of significant amounts of solvent
(up to 90 wt%). For example, solvents prevented the use of differential scanning
calorimetry (DSC), as the energy of the solid-liquid phase transition is negligible
compared to the change in sensible heat of the solvent. Other techniques, such as
thermal mechanical analysis (TMA) and dynamic mechanical analysis (DMA), were
also eliminated from consideration, as property changes of the solvent phase (e.g.,
thermal expansion or viscosity) render negligible any changes associated with the
solid-to-liquid phase transition.
One technique that has been applied to characterizing phase transitions in
polymer-solvent systems is electrochemical impedance spectroscopy (EIS). EIS is used
to determine the resistive, capacitive, and inductive behavior of a complex system by
measuring the current response to a small, oscillating AC potential applied to an
electrochemical cell. Electrochemical processes, such as charge-transfer activation,
double-layer capacitance, ohmic resistance and ion diffusion, occur over characteristic
time scales and can be probed at different AC frequencies. By examining the elec63

trochemical behavior over a wide range of frequencies (time scales), the impedance
or resistance associated with these specific processes can be identified.
Previous work using EIS to characterize phase transitions in polymer-solvent
systems, however, has been fairly limited. For example, we recently determined the
effect of Li-ion concentration on the phase-transition temperature of a thermally
responsive polymer in an ionic liquid [26], and Alonso-Garcia et al. [27] estimated the
glass-transition temperature of polyelectrolyte brushes at solid-liquid interfaces via
EIS. Impedance analysis has also been used to probe macroscopic property changes in
other materials, such as the thermal transitions in hydrated layer-by-layer assemblies
[28], and to identify the critical temperature of superconductors [29].
In this work, we used EIS to measure the solid-liquid phase-transition temperature of lignin over a wide range of acetic acid-water compositions. The polarization
resistance, RP , of these mixtures in a two-electrode cell was determined by fitting
EIS data and was found to be a function of temperature. When the system was
initially heated, RP exhibited a maximum that correlated with the phase-transition
temperature. This approach was used to identify the phase-transition temperature of
various solvent compositions relevant to the ALPHA process.

3.3
3.3.1

Materials and Methods
Materials
Glacial acetic acid (cat. no. MKV193-45) was supplied by Mallinckrodt.

A softwood lignin was provided by Lignin Enterprises, LLC, which was produced
via their sequential liquid-lignin recovery and purification process (SLRPTM ) from a
softwood black liquor with a Kappa number of 25 and a solids content of 42 wt%.
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Deionized water was obtained from an in-house distillation apparatus followed by a
water purification unit (MilliporeTM Milli-Q Academic).

3.3.2

Sample Preparation
Lignin-AcOH-water samples were prepared with solvent compositions ranging

from 94/6 to 11/89 wt% AcOH/H2 O, respectively. For mixtures with solvent compositions above 50% water, samples were prepared by mixing glacial acetic acid, distilled
and deionized water, and lignin (sifted to mesh size 60) in 3-dram glass vials obtained
from VWR (cat. no. 66011-100) at a solvent-to-lignin ratio of 1.5±0.1 by mass. Approximately 0.25 g of this mixture was added to a button cell (MTI Corporation cat.
no. EQ CR2025-CASE), followed by a stainless steel (SS) spacer and wave spring
(MTI Corporation cat. no. EQ CR20-WS); the cell was subsequently crimped at a
pressure of 1000 psig. Stainless steel strips were attached to the positive and negative
terminals of the cell with an insulating rubber clip to serve as a connection between
the cell and the potentiostat clips (Gamry Instruments Reference 600 Potentiostat/Galvanostat/ZRA). The SS strip on the positive side was connected to the working
and sensing electrodes, and the SS strip on the negative side was connected to the
counter and reference. The button cell assembly was then submerged into a silicon oil
bath at 25 ◦ C, and impedance measurements were taken as the oil was heated with
a hotplate. For mixtures with solvent compositions below 50% water, pre-weighed
amounts of lignin and solvent were refrigerated separately at 4 ◦ C for at least 12
hours before the experiments. The lignin and solvent were transferred to a box that
was maintained at a temperature of around 0 ◦ C while preparing the cell. The lignin
and solvent were combined, and the cell was assembled as described above in the cold
box. The cell was then submerged into a silicone oil bath that had been pre-cooled
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to a temperature of 4 ◦ C, and impedance measurements were taken as the oil was
heated with a hotplate.

3.3.3

Electrochemical Impedance Spectroscopy Analysis
Electrochemical impedance spectroscopy (EIS) measurements were performed

on the button cells prepared as described above at a DC voltage of 0 V and an
oscillating voltage amplitude of 10 mV rms, and the frequency was scanned from
105 Hz to 102 Hz. For the higher-temperature measurements, EIS data were taken
every 2 ◦ C from 25 to 110 ◦ C. For the lower-temperature measurements, EIS data
were taken every 1 ◦ C from 4 to 55 ◦ C. In both cases, the heating rate of the cell
was 1±0.2 ◦ C/min. The temperature of the button cell was measured with a type K
thermocouple attached to the outside of the cell and read with a Fluke 52 II Dual Input
Digital Thermometer, which has a stated accuracy of ±0.3 ◦ C. This thermocouple
setup was checked against a calibrated secondary standard RTD (Burns engineering,
model no. 18072-A-6-30-0-A/LT60); reported temperatures are accurate to within
0.5 ◦ C.

3.4
3.4.1

Results and Discussion
EIS Measurements
EIS measurements were performed on lignin-AcOH-water mixtures over a

range of temperatures and solvent compositions (i.e., 94/6 to 11/89 wt% AcOH/H2 O).
The data were used to generate Nyquist plots, which show the real and imaginary
components of the impedance. As an example, Figure 3.1a presents Nyquist plots
from 50 to 100 ◦ C for lignin in a solvent mixture of 30/70 wt% AcOH/H2 O. Data in
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Figure 3.1. (a) Nyquist plot series at different temperatures for the solvent composition of 30/70 wt% AcOH/water at a lignin to solvent ratio of 1.5. Inset illustrates how
data in the mid-to-high frequency range were modeled as a simplified Randles cell.
(b) Polarization resistance, RP , vs. temperature for 30/70 wt% AcOH/water, with
the maximum in RP occurring at the phase transition from solid to liquid lignin in the
presence of a solvent phase. EIS data are in good agreement with visual observation.

the high-to-mid frequency range (i.e., the semi-circles) was modeled as a simplified
Randles cell (see Figure 3.1a inset). In this model, the series resistance, RS , can be
found at the high-frequency (ω) intercept on the real axis. The value of the lowfrequency intercept is the sum of the polarization resistance, RP , and RS . Because
there is no charge transfer within the cell, the primary resistance at the electrode
is RP , which is represented by the intersection of the Nyquist plot with the real
impedance axis at low frequency, where the imaginary part of the impedance is zero.
As shown in Figure 3.1a, RS only slightly decreases with increasing temperature due
to the increasing conductivity of the solvent. However, as shown in Figures 3.1a and
3.1b, RP exhibits a significant temperature dependence, initially increasing from 100
Ω to 6,500 Ω as the cell is heated to 65 ◦ C, and then gradually decreasing down to
900 Ω as the cell is further heated to 110 ◦ C. Note in Figure 3.1b that RP exhibits a
maximum with respect to temperature at 65 ◦ C.
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Interestingly, this maximum in RP correlates with the visual solid-liquid phase
transition observed in our previous work [24]. At room temperature, the solid lignin
powder does not dissolve, but forms a muddy suspension in the AcOH-water mixtures. As these systems are gradually heated, RP rapidly increases (e.g., see Figure
3.1b). This is probably due to the formation of lignin-AcOH complexes in the newly
formed lignin-rich liquid phase, which depletes the acetic acid ion concentration in the
solvent. (Some water will also be present in these complexes, but in lesser amounts.)
Under this scenario, at the maximum in RP (65 ◦ C), the lignin has become completely
solvated in the lignin-rich liquid, resulting in the formation of a liquid-liquid biphasic system. However, once the new lignin-rich phase has completely formed, further
increases in temperature result in a steady decrease in RP as the ionic conductivity
of each liquid phase, the aqueous phase in particular, increases (i.e., resistance decreases). Looking at the data in Figure 3.1a, we infer that the decrease in conductivity
is limited by the lower diffusivity of the lignin-AcOH complexes in the lignin-rich liquid compared to free acetate ions and protons that exist in the aqueous phase at
low temperature solution. In summary, because the phase transition involves the
formation of such complexes, which in turn affect the ionic content, EIS can be used
to quantitatively identify the temperature at which the phase transition from solid
lignin-liquid solvent to liquid lignin-liquid solvent occurs.
In Figure 3.2a, the polarization resistance RP is plotted as a function of temperature for various measured solvent compositions. Looking first at the effect of
solvent composition, we see that at high water concentrations (87%) the maximum in
RP is relatively high (i.e., 32,500 Ω), but as the solvent becomes more concentrated
in acetic acid the maximum in RP decreases. Increasing AcOH content leads to both
higher solution conductivity and the availability of more acetate ions to complex
with the lignin in the lignin-rich phase, both of which contribute to a lower RP at
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Figure 3.2. (a) Polarization resistance, RP , vs temperature for lignin in selected
AcOH/water solvent mixtures. For each profile, the maximum in RP occurs at the
phase-transition temperature. (b) Phase diagram for the lignin-AcOH-water system,
showing phase-transition measurements at the phase boundary between the solidliquid and liquid-liquid regions. The dark circles (•) represent EIS data, and white
triangles (M) are from visual observation. The white square () is an example of the
error in visual measurements at solvent compositions below 40 wt% water.

the phase transition. The acetate ions in solution allow for electrode charging by assembling on the electrode interface to form a double layer upon polarization [30]. As
the concentration of AcOH increases from zero, more ions are available in solution to
move in response to the oscillating electric field; therefore, the impedance associated
with electrode polarization decreases. However, below about 40% water the maximum in RP monotonically increases with increasing AcOH content. The most likely
explanation for this phenomenon is that below 40% water, the available AcOH has
already complexed with the lignin, and any further increases in AcOH concentration
come at the expense of decreasing water (and thus proton) content in solution, which
decreases electrolyte conductivity.
The impedance characteristics of the lignin-AcOH-water system shown above
are consistent with the conductivity behavior of neat AcOH-water solutions [31],
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Figure 3.3. Electrical conductivity of acetic acid-water mixtures [31].

which also exhibit a similar trend of decreasing impedance (and increasing solvent
conductivity) with increasing AcOH at higher water concentrations, followed by increasing impedance with increasing AcOH at lower water concentrations (see Figure
3.3).

3.4.2

Phase Diagram for the Lignin-Acetic Acid-Water System
By plotting the temperatures at which RP is a maximum in Figure 3.2a as a

function of solvent composition, a phase diagram for the lignin-AcOH-water system
can be constructed. Such a diagram is given in Figure 3.2b; however, here all measurements are shown not just the more limited subset shown in Figure 3.2a to avoid
overcrowding. Shown are two distinct regions of phase behavior separated by the
measured phase-transition boundary. Below the phase-transition temperatures, solid
lignin is in equilibrium with a solvent-rich liquid phase (i.e., solid-liquid equilibrium);
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above the phase-transition temperatures, a lignin-rich liquid phase is in equilibrium
with a solvent-rich liquid phase (liquid-liquid equilibrium). Standard deviations in
the reported temperatures and compositions were ±2.5 ◦ C in temperature and ±0.5
wt% in composition (compositions are not more accurately known because of the
uncertainty in the water content of the starting lignin). The effect of solvent-tolignin ratio on the measured temperatures was investigated, and no effect between
0.7 and 1.9 was noted. At lower ratios, not enough solvent was present to make up
the desired homogeneous mixture of toothpaste-like consistency; at higher ratios free
solvent “puddles” would form, creating a heterogeneous system.
Note that at solvent compositions where comparison was possible, phasetransition temperatures determined from EIS are in good agreement with those previously determined by visual observation in which the mixtures of acetic acid, water,
and lignin were charged to glass vials, sealed, and inserted into an oil bath where
the temperature transition could be visually observed as the oil temperature was increased, with reported accuracies of 1 ◦ C in the region of good visibility [24]. Recall
that phase-transition temperatures could not be accurately determined visually for
solvents containing less than 40% water because of the opacity of these solutions; an
example of this disagreement is given in Figure 3.2b, where the visually determined
transition temperature for 30% water has been plotted as a square.
As shown in Figure 3.2b, the phase-transition temperature boundary exhibits
a linear correlation with water mass fraction down to 30% water. The plateau in
the phase-transition temperature observed at lower water concentrations may be attributable to the complete saturation of the lignin species with the acetate ions.
Although the phase-transition temperature does not change in this low-water region,
a significant increase in the system impedance is observed due to poor conductivity
of the acetic acid solutions at these concentrations. Dimerization of the free acetic
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acid in a low-water environment [32] may be one cause of this increase in impedance.
The molecular weight and salt content of the lignin in each phase are of particular interest for materials applications of lignin processed via the ALPHA process,
and interested readers are directed to other published work where these details are
thoroughly described [24].
The effect of heating rate on the measured phase-transition temperatures was
investigated by varying the rate from 0.5 to 2 ◦ C/min; the results are presented in
Figure 3.4. Clearly, a heating rate of 2 ◦ C/min is too fast and introduces significant
error between the maximum in RP and the real phase-transition temperature. Kinetic
limitations occur, both in the time required to heat the contents of the cell and in
the time required for the mixture to achieve equilibrium at the new temperature.
However, for heating rates of 0.5 and 1.0 ◦ C/min, the measured phase-transition
temperatures differed from each other by no more than a degree, indicating that
heating rates within this range are suitable for determining the equilibrium phasetransition temperatures in our given setup.
Multiple sequential heating scans on lignin-solvent systems were used to investigate the electrochemical behavior after lignin had completely solvated in the
AcOH-water mixture. Recall that when two phases were first formed by combining solid lignin and aqueous acetic acid with heating, the polarization resistance RP
reached a maximum at the phase-transition temperature and then monotonically decreased as the temperature was further increased. After cooling this two-phase mixture back to room temperature, a 2nd heating was performed. As shown in Figure
3.5, RP started at a dramatically higher value at ambient temperatures than when
the two phases were first formed but then monotonically decreased with increasing
temperature down to values similar to those that were obtained during the initial
formation of the two liquid phases. Third and subsequent heatings gave an RP curve
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Figure 3.4. Polarization resistance, RP , vs temperature for three different heating
rates at a solvent composition of 50/50 wt% AcOH/water. For heating rates of 1
◦
C/min or less, the maximum in RP occurs at the solid-liquid phase transition.

similar to that observed for the 2nd heating.
This behavior can be explained by considering the state of the sample for each
of the heating steps. For the first heating, the system is a heterogeneous mixture of
solid lignin and aqueous acetic acid. The low impedance (as measured by RP ) can
be attributed to the free solvent (acetate and proton) ions present throughout the
sample, as the lignin alone is not conductive and exhibits a high impedance. As the
mixture is heated, RP increases because of the association/complexing of the acetate
ions with the lignin, which removes mobile ions from the solution. With further
increases in temperature, the lignin polymer chains become even more mobile, and
diffusion of these acetate ions into the polymer matrix takes place. This complexing
of acetate ions with the lignin would be expected to increase the overall impedance of
the system, as mobile ions are stripped from the solvent phase and thus are no longer
available to adsorb on the polarizing electrode surfaces. This hypothesis is supported
by the appearance of Nyquist semicircles (and thus RP ) as the temperature is further
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Figure 3.5. Multiple heating scans of the same electrochemical cell loaded with solvent mixture (50/50 wt% AcOH/water) and lignin. For the first heating, RP vs
temperature results show the solid-liquid phase transition. Re-heatings of the same
cell show no such transition, as the acetic acid has already complexed with the lignin.

increased (see Figure 3.1a). Once the mixture undergoes a phase transition to a twophase system in liquid-liquid equilibrium, a decrease in RP is observed with increasing
temperature, as would be expected for two liquid phases.
But when this two-phase system is cooled back down to ambient, the acetate
ions remain associated with the lignin polymer even as the lignin once again solidifies.
Clearly, the acetate ions do not separate out to once again form an aqueous, aceticacid phase of the original concentration. Once the two-phase system has cooled back
down, the impedance measured before beginning the second heating is significantly
higher. Then, as the sample is re-heated the measured RP monotonically decreases,
as no further complexation of the acetate ions with the lignin is possible (see Figure
3.5).
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3.5

Conclusions
Electrochemical impedance spectroscopy has been shown to be a useful tool

for determining the temperature at which lignin melts in the presence of acetic acidwater solutions. The polarization resistance, RP , of electrochemical cells containing
the above components was found to be a strong function of temperature, with the
maximum in RP corresponding to the phase-transition temperature associated with
the solid lignin—liquid solvent to liquid lignin—liquid solvent equilibrium. A reliable,
nonvisual method for determining the temperature at which a solvated, liquefied lignin
polymer phase forms is important for the processing, fractionation, and purification
of lignin streams using a safe solvent medium (i.e. AcOH-water) [24]. The EIS
technique described herein can potentially be extended to the characterization of
other polymer-solvent systems; the best candidates will be those that contain solvent
mixtures of components with significantly different ionic mobilities. Finally, in this
work only the composition of the starting solvent mixture that was added to the
starting solid lignin is known. If the fundamental chemistry that is at play in this
complex, multicomponent system is to be elucidated, the solvent compositions in each
of the two liquid phases that exist in equilibrium (i.e., liquid-lignin and liquid-solvent)
will need to be determined.
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Chapter 4
Continuous-Flow Process for the
Purification and Fractionation of
Alkaline and Organosolv Lignins
4.1

Abstract
Hot acetic acid-water mixtures can be used to purify and fractionate alka-

line (Kraft) and organosolv lignins via the Aqueous Lignin Purification with Hot
Acids (ALPHA) process. However, condensation reactions can occur in the solvated,
lignin-rich liquid fraction at the elevated temperatures (e.g., 60-100 ◦ C) of operation,
significantly increasing the lignin molecular weight. Thus, conversion of ALPHA to
continuous-flow operation was investigated in order to determine the effect of reduced
residence times on both the above reactions and on the extraction of metals from the
solvated lignin to the solvent phase. All four lignins investigated could be converted
to a homogeneous lignin-water slurry at ambient temperatures, facilitating continuous operation. When a static mixer is used for the mixing and equilibration device,
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reducing residence times to 20-30 s, condensation reactions are essentially eliminated.
For example, the molecular weight of the lignin fraction remained unchanged with
continuous processing but increased from 7,900 to 13,200 when batch processing was
used for the same ALPHA conditions. Furthermore, the 10-fold reduction in metals
content (e.g., sodium content reduced from 1400 to <100 ppm) was equal to or better
than that obtained by single-stage batch processing. Thus, continuous ALPHA can
be used to obtain an ultrapure, metals-free lignin of well-defined and controllable
molecular weight.

4.2

Introduction
As the push for greener and more sustainable technologies is advanced, renew-

able feedstocks to replace those derived from petroleum are desired. Lignin is one
of the worlds most abundant renewable biopolymers, with 25-30% of land biomass
consisting (on a dry basis) of lignin; only cellulose is more abundant. Furthermore,
it is the only abundant land biopolymer with aromaticity. A readily available source
of lignin (more than 50 million tons/yr) [1] is in the alkaline liquor (also called
black liquor) by-product generated from processes for recovering cellulose from woody
biomass, with the Kraft pulping process being dominant with 95% of the market [2],
where the cellulose is used to make paper. In particular, during the pulping process
the bonds that link lignin and hemicellulose in the plant cell wall are broken via a
hot (170 ◦ C) aqueous solution of sodium hydroxide and sodium sulfide, dissolving
most of the lignin and freeing the cellulosic fibers from the wood matrix as a pulp
that is then used to make paper [3]. Today, however, most (99+%) of this lignin
is not recovered, but is simply burned as part of the alkaline-liquor stream for its
heating value. However, lignin potentially has far more value as a renewable bio83

material or biopolymer [1, 4]. Fortunately, the situation is starting to change, as
several processes have been developed in recent years for recovering lignin that is
relatively low (1-3%) in ash and metals content from the alkaline liquors, including
LignoForceTM , LignoBoostTM , and Sequential Liquid Lignin Recovery and Purification (SLRPTM ) [5–7]. The lignin products (called alkaline or Kraft lignin) obtained
are relatively clean, “low-ash” materials, as only about 5% of the sodium originally
present in the alkaline liquor remains in the lignin product, which typically contains
1,500 - 10,000 ppm Na and 1-4% ash. Two significant applications for lignin of this
purity that have been identified for these low-ash, alkaline lignins include partial phenol replacement in phenol-formaldehyde resins [8, 9] and partial polyol replacement
in rigid polyurethane foams [10, 11].
For other, higher-value applications such as carbon fibers and coatings, however, the lignin has to be much cleaner; that is, it must be essentially metals free (i.e.,
“ultrapure”), containing less than 100 ppm sodium (the dominant metal impurity)
and lower amounts of any other metals [12–14]; furthermore, the limited evidence
available [15] suggests that control of the molecular weight of the lignin will also be
important for a number of applications.
We have discovered [16, 17] a renewable solvent system that can be used to
simultaneously clean, fractionate, and solvate lignin. In particular, mixtures of acetic
acid and water at elevated temperatures (i.e., 50-120 ◦ C) can be used to create a
system of two liquid phases with novel properties: the first phase is a less-dense,
solvent-rich phase that extracts the metal salts from the lignin feed; the second is a
denser, lignin-rich phase that contains a cleaned, purified lignin. Furthermore, the
solvent composition can be “tuned” to partition the feed lignin between these two
phases by molecular weight, with the lower molecular weight lignin residing in the
solvent-rich phase and the higher molecular weight lignin in the lignin-rich phase.
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Such a phase split forms the basis of a liquid-liquid extraction and fractionation
process that we call Aqueous Lignin Purification with Hot Acids, or ALPHA. Finally,
the liquid-lignin phase is highly solvated, so that it has the potential to be immediately
processed into useful products.
Although ALPHA has proven to be effective on the batch scale both for fractionating an alkaline lignin by molecular weight and for reducing its metals content
so that an ultrapure lignin is obtained [16], our final goal here was to determine if
ALPHA could be operated such that the undesirable polymerization reactions that
can occur in the batch setup (with its residence times of 20-30 min) could be minimized by reducing processing times. Thus, we investigated the viability of converting
ALPHA into a continuous process. Furthermore, the effect of residence time on the
extraction of the metal salts from the lignin also needed to be investigated to ensure
that ultrapure (i.e., <100 ppm sodium) lignins could still be obtained at the much
lower residence times which continuous processing normally entails.

4.3
4.3.1

Materials and Methods
Materials
A low-ash Kraft lignin was recovered from a softwood black liquor with a

Kappa number of 25 and a solids content of 42 wt% by means of the SLRP process.
BioChoiceTM lignin, a softwood-derived Kraft lignin, was obtained from Domtar, and
Lignol lignin, an organosolv lignin, was supplied by Lignol Innovations. Indulin AT,
a softwood-derived Kraft lignin, was supplied by MeadWestvaco (now Ingevity), lot
no. MA27M. The water content of the four lignins was measured and determined
to be 43.1 wt% (SLRP), 33.1 wt% (BioChoice), 3.9 wt% (Lignol), and 5.9 wt%
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(Indulin AT). Glacial acetic acid (cat. no. MKV193-45) was supplied by VWR.
Deionized water was obtained from an in-house distillation apparatus followed by
a water purification unit (Millipore Milli-Q Academic). For GPC analysis, lithium
bromide (cat. no. 35705-14) and HPLC grade (99.7+%) N,N-dimethylformamide
(cat. no. 22915-K7) were obtained from VWR.

4.3.2

Continuous Process Operation
A schematic of the continuous process for the production of ultrapure lignin

via ALPHA is given in Figure 4.1. In brief, the process consists of combining a ligninwater slurry with a solution of acetic acid and water at elevated temperatures in a
static mixer and then separating the two liquid phases that are formed in a settler. In
order to carry out the separation process, the processing temperature must be maintained in the liquid-liquid region, where solvent-rich and lignin-rich liquid phases exist
in equilibrium with each other (see Figure 4.2). The lignin-water slurry, which consists of 30-45 wt % lignin in water, is prepared beforehand by mixing the ingredients
in a conventional 1.25-L kitchen blender. A homogeneous, pumpable slurry of the
desired viscosity is obtained only within the range of lignin-water compositions given
above.
For a typical experiment, the lignin-water slurry was fed from the hopper into
the inlet of a Seepex MD series progressive cavity pump, which was used to deliver the
slurry at a pressure of 4.7-5.4 bar, as measured at the pump exit at pressure gauge P1.
Initially valve V2 was closed and valve V1 opened so that the slurry was recycled in a
continuous loop. A constant flow rate of a solvent mixture of acetic acid and water was
then delivered through the static mixer (Koflo Stratos, 1/4” tube, model no. 1/4-34,
with 34 alternating right-and left-handed helical mixing elements) with an Isco Dual
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Figure 4.1. Schematic of the continuous process used to produce ultrapure lignin.

Figure 4.2. Phase diagram of the lignin-acetic acid-water system. Below the curve,
solid lignin is in equilibrium with a solvent-rich liquid phase; above the curve, a ligninrich liquid phase is in equilibrium with a solvent-rich liquid phase [16, 18]. The curve
shown is for a solvent:lignin ratio of 9:1, but only minor variation was observed over
the ratios tested (i.e., from 1.8:1 to 19:1).
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Syringe Pump (Model 500D). This solvent was heated to temperatures of 72±3 ◦ C,
as measured at the exit of the mixer, by means of two 0.5 in. wide x 6 ft long heating
tapes (BriskHeat, model no. BIH051060L) controlled via Minitrol on/off temperature
controllers (model PL-312), with one tape wrapped around the solvent line and one
around the mixer. When the wall temperature of the static mixer, as measured at
mid-length by thermocouple T1, had reached a steady-state temperature of 90±5 ◦ C,
V1 was closed and V2 opened so that the hot solvent mixture and cold lignin-water
slurry were simultaneously delivered to the static mixer for intimate mixing so as to
achieve the desired liquid-liquid equilibrium. The Minitrol percent power setting was
then increased to compensate for the addition of lignin slurry to the flow stream,
so as to continue to maintain the wall temperature of the static mixer at 90±5 ◦ C.
The temperature of the two-phase, liquid-liquid mixture exiting the static mixer was
frequently measured by inserting a thermocouple into the end of the static mixer and
was found to be 69±5 ◦ C. Upon exiting the static mixer, the two liquid phases were
separated using a 60-mesh, stainless steel screen filter. The more viscous, lignin-rich
phase collected on the screen, and the solvent-rich phase passed through the screen
into a collection vessel. Residence times of the lignin-solvent mixture in the static
mixer at temperature were ∼20 s.
The solvent-rich phase contained the extracted metal salts and the lower
molecular weight lignin species, while the denser, more viscous lignin-rich phase contained the purified, higher molecular weight lignin along with significant amounts
(i.e., ∼50% by weight of the lignin-rich phase) of solvent. The lignin-rich phase was
dried overnight in a vacuum oven (Fischer Scientific IsoTemp, Model 280A) at ambient temperature and a pressure of 10-20 mm Hg in preparation for the analyses
described in the next section.
For a given experiment, the acetic acid-water ratio in the solvent feed stream
88

was set so as to obtain the desired solvent composition and lignin-to-solvent ratio
for the overall acetic acid-water-lignin system. For example, to obtain a combined
feed stream to the static mixer with an overall composition of 10 wt % lignin and
an overall solvent composition of 50/50 wt/wt acetic acid/water at a flow rate of
20 g/min, a lignin slurry of 30/70 wt/wt lignin (dry basis)/water was delivered at a
flow rate of 6.7 g/min to the static mixer, and a solvent stream containing 67.5/32.5
wt/wt acetic acid/water was delivered at a flow rate of 13.3 g/min to the mixer. A
reduced-metals, higher molecular weight lignin product composed of ∼50/50 wt/wt
lignin/solvent (i.e., the lignin-rich phase) was then generated at a flow rate of 2 g/min,
with the remainder of the lignin and solvent being contained in the solvent-rich phase.
All thermocouples used were Type K grounded thermocouples sheathed in
1/16” o.d. stainless steel (Omega Engineering) and were calibrated against a secondary standard RTD (Burns Engineering, Model No. 18072-A-6-30-0-A/LT60) to
an accuracy of ±0.2 ◦ C. Pressure gauge P1 (Bourdon-tube type, 0-200 psi, 2.5 in.
dial) was calibrated against a Budenberg dead weight pressure tester (Model 380H)
to an accuracy of ±0.5 psi (±0.035 bar).

4.3.3

GPC Analysis
Lignin samples from the lignin-rich and solvent-rich phases generated by the

ALPHA process were analyzed by gel permeation chromatography (GPC) to determine (1) the extent to which fractionation by molecular weight had occurred, and
(2) whether the lignin fractions had undergone any condensation reactions, as was
observed in previous batch work [16]. The fractions were analyzed using an Alliance
GPCV 2000 instrument. Two columns were used in series: a Waters Styragel R HT5
column (10 µm, 4.6 mm x 300 mm) followed by an Agilent PolarGel-L column (8
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µm, 7.5 mm x 300 mm); the mobile phase consisted of 0.05 M lithium bromide in
N,N-dimethylformamide (DMF) at a flow rate of 1 ml/min. Poly(ethylene glycol)
calibration standards were used for estimation of number-average molecular weight.
Samples were dissolved in the mobile phase at a concentration of 1 mg/ml and filtered
using a 0.2 µm nylon-membrane syringe filter (VWR, part no 28145-487). Detection
of PEG standards was by refractive index using a Waters differential refractometer,
and detection of lignin samples was by UV-vis with a Waters 2487 detector at 280
nm [19]. Molecular weights for a given sample were analyzed in duplicate and were
generally reproducible to within ±50 Da.

4.3.4

ICP Analysis
Metals content in the (dried) lignin-rich phase was determined via inductively

coupled plasma atomic emission spectroscopy (ICP-AES). Analyses were carried out
using a Spectro Analytical Instruments spectrometer, model ARCOS. To prepare a
typical sample for ICP-AES analysis, 0.1 g of a dried sample was pre-digested in 5
mL of concentrated nitric acid at ambient temperature for 30 min. Sample digestion
was then started by heating to 125 ◦ C for 90 min, followed by the addition of 3 mL
of hydrogen peroxide and heating to 125 ◦ C for 60 min. Three more mL of hydrogen
peroxide were added, and the sample was kept at 125 ◦ C for 60 min. Finally, the
sample was dried at 200 ◦ C for 1 h. The above dried samples were diluted in 10 mL
of 1.6 M nitric acid and, after cooling, in another 50 mL of deionized water. The
resulting liquids were then transferred to the ICP tube for analysis and detection.
Error in metals analysis was ±15 ppm and was determined by analyzing a single
sample 6 times and determining the standard deviation of the set.
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4.4

Results and Discussion
The effect of changes in the solvent composition on the effectiveness of the

continuous purification and fractionation of lignin via the ALPHA process was investigated. For these experiments, SLRP lignin was used, with the total flow rate
of lignin plus solvent being 20 g/min and the solvent:lignin (S:L) ratio being held
constant at 9:1 (i.e., 10 wt % lignin). Solvent compositions of 60/40, 50/50, 40/60,
and 30/70 wt/wt acetic acid/water were investigated. This composition range was
investigated because here most of the lignin partitions into the purified, lignin-rich
phase. Batch experiments at the above feed solvent compositions and S/L ratios were
performed in 20-mL sealed vials, with a stir bar at 350 rpm for mixing, as previously
described [16].
Our first concern was that the short residence times of 20 s used in continuous
ALPHA might negatively impact the removal of metal salts. As shown in Figure 4.3,
the opposite proved to be true, as sodium levels in the lignin recovered from the ligninrich phase were always less for continuous vs. single-stage, batch operation [16]. For
example, with continuous ALPHA the sodium level of lignin recovered in the ligninrich phase was reduced from the original SLRP lignin source level of 1,400 ppm to 70
ppm when using the 30/70 acetic acid/water solvent mixture, a 20-fold reduction in
one mixer/settler step. Thus, excellent mass transfer rates are obtained in the static
mixer, such that a residence time of even 20 s is adequate for removing the metal salts
from the lignin down to the ultrapure state (total residence times in the batch setup
were 20-30 min [16]). We hypothesize that the shorter times for mass transfer to occur
are more than compensated for by the dramatic increase in interfacial surface area
provided by the static mixing elements. Furthermore, the static mixer setup tends to
“renew” the interfacial area more frequently than with batch operation, which will
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Figure 4.3. Effect of solvent feed composition on the sodium content of the lignin
recovered in the lignin-rich phase. The circles (•) are for batch and the triangles (N)
are for continuous ALPHA processing. Error bars are given both here and in other
figures for those batch and continuous runs that were duplicated. A 9:1 solvent:lignin
ratio was used both here and in all succeeding figures.

tend to maintain a higher concentration gradient across the interface. With these
results, an investigation of the effect of residence time on the metals content of the
recovered lignin was not carried out, as significantly shorter residence times would
neither be warranted nor particularly practical because of equipment limitations.
Solvent compositions exceeding 70% water were not investigated because the ligninrich phase significantly increases in viscosity with such water-rich solvents, increasing
the chances of clogging the static mixer.
With the effect of residence time on metal salts extraction during continuous
ALPHA being resolved, we then investigated the effect of reduced residence times
on minimizing the undesirable lignin condensation reactions. Results in Figure 4.4
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indicate that a significant if not complete reduction in such reactions occurs when
continuous instead of batch ALPHA processing is used. With continuous processing,
we see a small but well-behaved increase in the number-average molecular weight (Mn)
of the lignin-rich phase as the acetic acid concentration in the solvent is increased
(and the water concentration is decreased). A slight increase in Mn of the lignin-rich
phase would be expected even with no reactions occurring because the solvent-rich
phase becomes a more powerful solvent with increasing acetic acid concentration,
capable of dissolving higher molecular weights lignins. Thus, the molecular weight
of the lignin that remains unextracted in the lignin-rich phase must increase, as is
observed. In contrast, with batch operation, both Mn and the polydispersity index
(PDI) of the lignin-rich phase increase significantly with increasing solvent strength,
reaching almost 25,000 and a PDI of 5.4, respectively, for a 60/40 acetic acidwater
solvent mixture. The GPC chromatograms of Figure 4.5 show how high molecular
weight lignin is formed in the lignin-rich phase when ALPHA is processed in a batch
manner. Note the shoulder that appears in the batch ALPHA chromatogram, which
extends to molecular weights higher than what is present in the starting material.
Condensation reactions of model lignin compounds in hot acetic acid-water mixtures
have been previously reported [20–22], and the molecular-weight data shown here are
consistent with such a polymerization reaction. In contrast, the continuous ALPHA
chromatogram has no such high molecular weight region, indicating minimal or no
reactions.
Evidence for similar polymerization reactions taking place in the solvent-rich
phase is, however, lacking regardless of whether batch or continuous operation is used.
First, note in Figure 4.4 that with continuous processing the lignin species dissolved
in the most powerful solvent mixture tested (i.e., 60/40 acetic acid/water) have the
lowest Mn. Furthermore, the trend of slightly increasing molecular weight with solvent
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Figure 4.4. Effect of solvent feed composition on number-average molecular weight
(Mn) of the lignin recovered in the lignin-rich phase: • = lignin-rich batch; ◦ =
solvent-rich batch; N = lignin-rich continuous; M = solvent-rich continuous. The
dotted line is for the SLRP feed lignin (Mn = 5250, PDI = 3.7). PDIs for the ligninrich phase are given in parentheses.

Figure 4.5. GPC chromatograms of the lignin recovered from the lignin-rich phase
for a solvent feed composition of 60/40 wt/wt acetic acid/water: Feed SLRP lignin
(–); lignin via continuous ALPHA (– · – ·) lignin via batch ALPHA (- - -).
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strength observed in the solvent-rich phase with batch operation is more consistent
with increasing solvent strength, not condensation reactions. Molecular-weight results
for the solvent-rich phase under continuous operation are less conclusive, but there is
certainly no consistent increase in Mn with solvent strength. We therefore hypothesize
that the lignin-rich phase, where the solvent is dissolved in the lignin, is a more
conducive environment for lignin-condensation reactions to occur than the solventrich phase, where the lignin is dissolved in the solvent. In the solvent, the lower
molecular weight, more polarizable lignin molecules tend to be shielded from each
other by electrostatic forces [23, 24].
Why does the static mixer increase the mass transfer of metals between the
phases, but at the same time dramatically decrease the extent of condensation reactions? With respect to metals content, we hypothesize that the static mixer dramatically increases interfacial area and enhances mixing of the phases, both of which
promote mass transfer of metals from the lignin to the solvent phase. This increased
interfacial area and mixing appears to more than compensate for the greatly reduced
residence times in continuous vs. batch ALPHA processing. But with respect to condensation reactions, the reduced residence times essentially eliminate these reactions
in the lignin-rich phase; furthermore, the increase in interfacial area and enhanced
mixing with the solvent-rich phase, where the propensity for reaction to occur is far
less, can only reduce and not increase the propensity for reaction to occur.
The above experiments were all performed at a solvent-to-lignin (S/L) ratio
of 9:1 (i.e., 10 wt% lignin). As would be expected from a knowledge of extraction
technology [25], changes in the S/L ratio will change the metal-salts content in a
relatively linear fashion, see Figure 4.6. From a commercial feasibility standpoint, an
economic optimum exists, with lower S/L ratios requiring higher capital costs (i.e.,
more extraction stages), but reduced operating (i.e., solvent recovery) costs, and vice
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Figure 4.6. Effect of lignin feed composition (i.e., wt% lignin) on the sodium content
of lignin recovered in the lignin-rich phase. For all of the above runs, the overall
solvent feed composition was 40/60 wt/wt acetic acid-water.

versa.
It was also of interest to know if other types of lignins could be purified
and fractionated by continuous ALPHA processing. To this end, BioChoice, Lignol, and Indulin AT lignins were evaluated. For both BioChoice and Lignol lignins,
lignin:water ratios were found such that a homogeneous lignin-water slurry could be
constituted, which served as a vehicle to feed the source lignin to the progressive
cavity pump (see Figure 4.1). No conditions for making a lignin-water slurry with
Indulin AT were found, so no continuous ALPHA experiments were carried out with
this lignin. We hypothesized that this was a consequence of the product morphology created by the method used to produce the lignin particles, which was probably
spray-drying, based on a patent that was awarded to Westvaco [26]. (In contrast, both
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Table 4.1. Metals content (in ppm) of the lignin recovered from the lignin-rich phase
(e.g., “final Na”) for the continuous ALPHA processing of three different source lignins
(e.g., “initial Na”). The overall solvent feed composition was 50/50 wt/wt acetic acidwater and the S:L ratio was 9:1.
Lignin Source
SLRP
BioChoice
Lignol

Initial Na
1400
7160
<15

Final Na
200
565
6

Initial Ca
340
670
240

Final Ca
35
20
500

Initial K
310
570
110

Final K
20
50
20

SLRP and BioChoice lignins are precipitated from solution and filtered.) To test our
hypothesis, ∼10 g of Indulin AT were dissolved in a solvent so as to eliminate the
original product morphology; the lignin that was precipitated from solution by adding
an antisolvent could then be used to produce a stable, homogeneous slurry. However,
performing such a dissolution-precipitation procedure on the large scale required to
carry out continuous processing was not of interest, so no further experiments with
this lignin were conducted.
ALPHA processing conditions of 50/50 acetic acid-water for the solvent composition and a solvent:lignin ratio of 9:1 were applied to BioChoice and Lignol lignins
at a temperature of 69±5 ◦ C. The liquid-liquid phase separation of the feed mixture
into a solvent-rich and lignin-rich liquid phase (as required for an extraction process
such as ALPHA) occurred, so that continuous ALPHA could be applied. As shown
in Table 4.1, significant metals purification of the lignins occurred, comparable to the
reductions in metals content obtained with SLRP lignin. The success of these continuous runs was somewhat surprising, because similar compositions and conditions
were applied to both BioChoice and Lignol lignins in the batch setup, and the required liquid-liquid phase split between a lignin-rich and a solvent-rich phase simply
did not occur (probably because the interphase mixing generated with a stir bar was
inadequate).
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4.5

Conclusions
Although ultrapure lignin that is essentially devoid of metal salts can be gener-

ated by means of the ALPHA extraction process, undesirable condensation reactions
can take place in the lignin-rich liquid phase, increasing the molecular weight and
altering the molecular architecture of the lignin in ways that are not necessarily conducive to the various materials applications proposed for lignin. Fortunately, these
reactions can be reduced to levels that are essentially undetectable by operating ALPHA as a continuous-flow process. In particular, a lignin-water slurry and an acetic
acid-water mixture are combined in a mixing tee at ambient temperatures and then
enter a static mixer heated to the operating temperatures (i.e., 60-100 ◦ C) required
to obtain the liquid-liquid phase split that forms the basis of the ALPHA process.
Residence times in the heated mixer are no more than 20-30 s, essentially eliminating
condensation reactions. Fortunately, the mass-transfer characteristics of the staticmixer setup are equally favorable for maintaining if not enhancing the extraction of
metals from the lignin-rich liquid phase to the solvent-rich liquid phase, with sodium
levels of 100 ppm being achievable at the proper operating conditions.
In addition, ALPHA operated as a continuous-flow process is robust, as two
types of Kraft lignin and an organosolv lignin have all been successfully purified and
fractionated with this method. In fact, one of these Kraft lignins could not even
be processed in the batch mode during the early evaluation of the ALPHA process.
Finally, continuous-flow ALPHA processing will have a decided advantage over batch
processing when the time comes to generate the nontrivial quantities of ultrapure
lignin required for evaluation in proposed product applications.

98

4.6

Acknowledgments
This work was adapted with permission from Klett, A.S.; Payne, A.M.; Thies,

M.C. Continuous-Flow Process for the Purification and Fractionation of Alkali and
Organosolv Lignins. ACS Sustainable Chemistry & Engineering, 2016, 4, 6689-94.
Copyright 2016 American Chemical Society.
This material is based upon work supported by the National Science Foundation under Grant No. CBET-1403873. Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the author(s) and do not
necessarily reflect the views of the National Science Foundation. The authors would
also like to acknowledge the Center for Advanced Engineering Fibers and Films at
Clemson University for partial financial support, the Agricultural Services Laboratory at Clemson for the ICP-AES analyses, and Domtar for providing the BioChoice
lignin.

99

References
[1] Gosselink, R.JA.; Jong, E.; Guran, B., et al. Co-ordination network for ligninstandardisation, production and applications adapted to market requirements
(EUROLIGNIN). Industrial Crops and Products, 2004, 20(2), 121–129.
[2] Patt, R.; Kordsachia, O.; Suttinger, R. Pulp. In Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag, 2011, 487–491.
[3] Biermann, C. Handbook of Pulping and Papermaking-2nd Ed., Elsevier, 1996.
[4] Doherty, W.OS.; Mousavioun, P.; Fellows, C.M. Value-adding to cellulosic
ethanol: Lignin polymers. Industrial Crops and Products, 2011, 33(2), 259–276.
[5] Kouisni, L.; Holt-Hindle, P.; Maki, K., et al. The LignoForce System: A new
process for the production of high-quality lignin from black liquor. Pulp and
Paper Canada, 2012, 115(1), 18–22.
[6] Tomani, P. The lignoboost process. Cellulose Chemistry and Technology, 2010,
44(1-3), 53–58.
[7] Lake, M.A.; Blackburn, J.C. Process for recovering lignin. 2016.

100

[8] Domı́nguez, J.C.; Oliet, M.; Alonso, M.V., et al. Structural, thermal and rheological behavior of a bio-based phenolic resin in relation to a commercial resol
resin. Industrial Crops and Products, 2013, 42, 308–314.
[9] Qiao, W.; Li, S.; Guo, G., et al. Synthesis and characterization of phenolformaldehyde resin using enzymatic hydrolysis lignin. Journal of Industrial and
Engineering Chemistry, 2015, 21, 1417–1422.
[10] Cinelli, P.; Anguillesi, I.; Lazzeri, A. Green synthesis of flexible polyurethane
foams from liquefied lignin. European Polymer Journal, 2013, 49(6), 1174–1184.
[11] Bernardini, J.; Cinelli, P.; Anguillesi, I., et al. Flexible polyurethane foams green
production employing lignin or oxypropylated lignin. European Polymer Journal,
2015, 64, 147–156.
[12] Compere, A.L.; Grifith, W.L.; Leitten Jr., C.F., et al. Low-cost carbon fiber
from renewable resources. In International SAMPE Technical Conference Series:
Advancing Affordable Materials Technology, Falcone, A and Nelson, K M and
Albers, R, Soc. Advancement Materials & Process Engineering: Seattle, WA,
2001, 1306–1314.
[13] Gellerstedt, G.; Sjöholm, E.; Brodin, I. The Wood-Based Biorefinery: A Source
of Carbon Fiber?. The Open Agriculture Journal, 2010, 4, 119–124.
[14] Baker, D.A.; Rials, T.G. Recent advances in low-cost carbon fiber manufacture
from lignin. Journal of Applied Polymer Science, 2013, 130(2), 713–728.
[15] Kubo, S.; Uraki, Y.; Sano, Y. Preparation of Carbon Fibers from Softwood
Lignin by Atmospheric Acetic Acid Pulping. Carbon, 1998, 36(7), 1119–1124.

101

[16] Klett, A.S.; Chappell, P.V.; Thies, M.C. Recovering ultraclean lignins of controlled molecular weight from Kraft black-liquor lignins. Chemical Communications, 2015, 51(64), 12855–12858.
[17] Thies, M.C.; Klett, A.S.; Bruce, D.A., et al. Solvent and recovery process for
lignin. 2016.
[18] Klett, A.S.; Gamble, J.A.; Thies, M.C., et al. Identifying thermal phase transitions of lignin-solvent mixtures using electrochemical impedance spectroscopy.
Green Chemistry, 2016, 18(7), 1892–1897.
[19] Ghaffar, S.H.; Fan, M. Structural analysis for lignin characteristics in biomass
straw. Biomass and Bioenergy, 2013, 57, 264–279.
[20] Yasuda, S.; Ito, N. Behavior of lignin in organic acid pulping I. Reaction of ayrlglycerol-β-ethers with acetic acid. Mokuzai Gakkaishi, 1987, 33(9), 708–715.
[21] Yasuda, S. Behavior of lignin in organic acid pulping II. Reaction of phenylcoumarans and 1,2-diaryl-1,3-propanediols with acetic acid. Journal of Wood
Chemistry and Technology, 1988, 8(2), 155–164.
[22] Sano, Y.; Shimamoto, S.; Enoki, M., et al. Fractionation of woody biomass
with boiling aqueous acetic acid containing a small amount of mineral acid at
atmospheric pressure: Reactivity of arylglycerol-β-aryl ethers in lignins with
aqueous acetic acid containing H2SO4. Journal of Wood Science, 1998, 44, 217–
221.
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Chapter 5
Fractionating Lignin with
CO2-Expanded Solvents of Acetic
Acid + Water
5.1

Abstract
Lignin, an abundant, aromatic biopolymer derived from the recovery of cellu-

lose for either paper or biofuel use, was fractionated by molecular weight (MW) using
CO2 -expanded solutions of acetic acid/water in a 90/10 wt/wt ratio. In particular, a
Kraft lignin was precipitated into 7 fractions of decreasing MW ranging from 15,000
to 1,250, as the pressure was monotonically increased in 7 increments from 7 to 48
bar. Characterization by 1 H, 13 C, and HSQC-NMR show no selective precipitation of
the lignin fractions based on chemical functionality (e.g., phenolic content), but condensation reactions resulting in the elimination of alkyl groups were observed, albeit
on a scale that did not significantly affect the MWs of most fractions. Other, more
conventional methods for fractionating lignins generate cuts with significantly differ104

ent phenolic content. Thus, gas-expanded liquids offer not only the advantage of facile
solvent recovery but also the generation of lignin fractions with unique properties.

5.2

Introduction
Lignin, which makes up approximately 20-30% of woody biomass on a dry

basis, has a unique structure, consisting of interconnected phenylpropane units [1],
making it a potential substitute for petroleum-derived aromatic materials such as
phenol-formaldehyde resins [2, 3], polyurethane foams [4, 5], and selected composites
[6]. Carbon fibers made from lignin would also be desirable if the properties (e.g.,
strength) of the fibers were acceptable [7]. Today, one of the most accessible sources of
lignin is black liquor, the highly alkaline by-product stream obtained from the Kraft
process for making paper. Worldwide, black liquor contains over 50 million tons/yr of
recoverable lignin, but most of that lignin is simply burned along with the rest of the
black liquor for its fuel value [8]. Today, however, the situation is starting to change,
with commercial processes for recovering the lignin as a renewable, low-ash (1-4 wt%)
biomaterial both under development and coming on-line, including LignoBoostTM [9],
LignoforceTM [10], and Sequential Liquid Lignin Recovery and Purification (SLRPTM )
[11]. Fractionation of these so-called “Kraft” lignins is also of interest, as one would
expect that fractions with different properties (e.g., molecular weight and chemical
composition) would be required for different applications. Lignin can also be recovered
from biomass via organosolv processes, in which the wood is pulped with an organic
solvent such as ethanol [12]; however, successful commercialization of this technology
has yet to take place because of its high cost [13].
In this study, we investigated the fractionation of Kraft lignins using acetic
acid (AcOH)-water mixtures in conjunction with near-critical carbon dioxide (CO2 ).
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In particular, acetic acid-water mixtures were first used to dissolve Kraft lignin at
ambient conditions. Carbon dioxide was then added to the resultant acetic acidwater-lignin solutions at incrementally increasing pressures to form a gas-expanded
liquid [14, 15], precipitating out lignin fractions at each step. The resultant fractions
were subsequently analyzed by a variety of characterization techniques.
The use of CO2 -expanded, aqueous AcOH solutions offers the advantage that
not only are the acetic acid and CO2 renewable solvents, but both can be recovered
for recycle simply by reducing the pressure. Furthermore, plants are 2-7% acetate by
weight, so little or no net input of acetic acid to the process may be required [16].
This is in significant contrast to the use of conventional mixed-solvent fractionation
[17–24] where the (liquid) solvent mixtures must be separated (e.g., by distillation)
and recombined in their proper ratios if they are to be recycled and reused.
To our knowledge, the only other work in which supercritical CO2 has been
used with acetic acid-water mixtures to recover lignin is the work of Kiran and Balkan
[25]. However, in their work, the solvent system was used to delignify the wood, not
to fractionate the lignin.

5.3
5.3.1

Materials and Methods
Materials
For lignin fractionation, glacial acetic acid was obtained from VWR. Com-

pressed carbon dioxide (Coleman grade, 99.99% min) was obtained from Airgas USA.
A softwood Kraft (alkaline) lignin produced via the SLRP process from a softwood
black liquor with a Kappa number of 25 and a solids content of 42 wt% (i.e., “SLRP”
lignin) was provided by Lignin Enterprises, LLC. This lignin product contained 1.2
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wt% ash (dry basis) and had a water content of 43 wt%, which is typical for Kraft
lignins that have been recovered via filter press from the dilute-acid, aqueous lignin
product stream, but have not been subsequently dried by other means, such as heat
and/or vacuum. The lignin was then vacuum-dried under ∼10 mm Hg at ambient
temperatures down to a water content of 6% before being used in the fractionation
experiments. The water content of the lignin was determined by Karl-Fischer titration after dissolving the lignin in anhydrous pyridine [26]. Purified water was supplied
from a purification unit (MilliporeTM Milli-Q Academic) that is used to purify distilled
water.
For lignin acetylation, 1 H-NMR, and GPC experiments, all reagents were obtained from VWR. Poly(ethylene glycol) standards for GPC (cat. no. PL2080-0101)
were obtained from Agilent Technologies. For

13

C-NMR and HSQC-NMR work,

deuterated dimethylsulfoxide was obtained from Cambridge Isotope Laboratories and
chromium (III) acetylacetonate was obtained from Sigma-Aldrich.

5.3.2

Fractionation of Kraft lignin
The apparatus used for the lignin fractionation (Fig. 5.1) consisted of a 50-

mL Parr reactor vessel, modified to have a conical bottom with a port. Initially, a
homogeneous, acetic acid-water-lignin solution was charged to the vessel. Then CO2
was charged, with a portion of the CO2 dissolving into and expanding the solution so
as to form a gas-expanded liquid, effecting precipitation of a portion of the dissolved
lignin. The undissolved CO2 formed a vapor phase above the expanded liquid, raising
the system pressure to well above ambient. Additional increments of CO2 were subsequently added, further expanding the solution and reducing its solvent power so as
to precipitate out additional fractions of the lignin. Experiments were conducted at
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Figure 5.1. Schematic of fractionation apparatus consisting of a 50 mL Parr reactor
with inlet valves for CO2 through both the top and bottom of the reactor (V1 and
V2), and an exit valve for the solution, V3, with an in-line filter.

ambient temperatures near the critical temperature of CO2 (Tc = 31 ◦ C). Here, CO2
is highly compressible and thus undergoes large changes in density (and as a result
large changes in solubility) in the acetic acid-water solutions.
For a typical fractionation experiment, 39.7 g of acetic acid plus water were
combined with 5.3 g of SLRP lignin (containing ∼6% water) so as to make a 90/10
wt/wt AcOH/H2 O solution with lignin. (Such compositions have been previously
used in organosolv pulping to solubilize lignin [27–29].) This solution was then added
to a 50-mL centrifuge vial at ambient temperatures, mixed with a vortex mixer for 5
min, and then centrifuged for 10 min at 6,000 rpm. The solution was then decanted,
leaving behind the undissolved lignin (which comprised 42% of the original lignin).
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Thirty mL of the decanted solution containing 58% of the lignin were then charged to
the Parr reactor vessel. The vessel top was installed, and the closed and sealed vessel
was pressurized to 100 psi (6.9 bar) by the addition of CO2 through valve V2 (with
V1 and V3 closed), so that the incoming CO2 would bubble through and saturate the
solution, forming a gas-expanded liquid. Valve V2 was then closed, and the contents
of the vessel were stirred for 30 min to allow any lignin precipitation to occur and
the system to reach equilibrium. The temperature and pressure of the vessel were
measured.
The next step was to collect any lignin that had precipitated from the gasexpanded solution. To accomplish this, the vessel was first drained of the acetic
acid-water-lignin solution through valve V3 (with V2 closed), with an in-line, 60-µm,
sintered filter (Swagelok part no. SS-2F-K4-60) located and sealed within the vessel
exit port to capture the solid, precipitated lignin. During the draining process, the
vessel pressure was held constant (i.e., to within 5 psi (0.34 bar) of the set point) by
feeding CO2 from the top through valve V1. Once the solution had been completely
drained from the vessel, CO2 flow through V1 was discontinued, and the vessel was
allowed to reach ambient pressure and then opened. The lignin solids that had precipitated were collected from the vessel; note that these solids had been dried because of
the flow of dry CO2 thru valve V3 during pressure letdown. Finally, the filtered acetic
acid-water solution containing the still-soluble lignin was recharged to the reactor for
the next fractionation step.
The above process was repeated at sequentially higher CO2 pressures in 100psi (6.9-bar) increments up to 55 bar. The final lignin portion that remained in
solution and could not be precipitated out with CO2 (i.e., the so-called “unprecipitated fraction”) was precipitated the addition of deionized water such that a final
solution volume of 250 mL was obtained. After filtration to remove the water, this
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unprecipitated fraction was dried at ambient temperature under vacuum (∼10 mm
Hg).

5.3.3

Molecular Weight Analysis by Gel Permeation Chromatography (GPC)
The molecular weights of the starting SLRP lignin and all eight precipitated

fractions were determined by GPC (Alliance GPCV 2000). Two columns were used
in series: a Waters Styragel R HT5 column (10 µm, 4.6 mm x 300 mm) followed
by an Agilent PolarGel-L column (8 µm, 7.5 mm x 300 mm) with a mobile phase
of 0.05 M lithium bromide in N,N-dimethylformamide at a flow rate of 1 mL/min.
Poly(ethylene glycol) (PEG) calibration standards were used for determination of the
number-average molecular weight. Samples were dissolved in the mobile phase at a
concentration of 1 mg/mL and filtered using a 0.2 µm nylon-membrane syringe filter
(VWR, part no 28145-487). PEG standards were detected by refractive index with a
Waters differential refractometer, and lignin samples were detected by UV-vis with a
Waters 2487 detector at 280 nm.

5.3.4

Lignin Acetylation
Lignin samples were acetylated for 1 H-NMR analysis by first weighing out

approximately 100 mg of sample into a 50-mL glass centrifuge vial. Pyridine (4 mL)
and acetic anhydride (4 mL) were added to each of the vials, and the acetylation
reaction was allowed to proceed for 72 h at 40 ◦ C. For the first fraction, sonication
was required for the last 48 h to facilitate the acetylation of higher MW lignin.
Twenty mL of ethanol were added to each of the samples, which were then placed
under a nitrogen purge to dry. This ethanol washing/drying procedure was repeated
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three more times to ensure removal of all acetic anhydride and pyridine. Once dry,
the solids were dissolved in 20 mL of chloroform and washed twice with 500 mL of
deionized water to remove any acetate salts still present. The lignin was precipitated
from the chloroform by the addition of 50 mL of diethyl ether and was collected by
centrifugation at 3,000 rpm for 5 min. The samples were rinsed once more with 50
mL of diethyl ether and collected by centrifugation. The samples were then dried
under vacuum (∼10 mm Hg) for 24 hr. Similar acetylation methods for lignin have
been previously reported [30, 31].

1

5.3.5
1

H Nuclear Magnetic Resonance Spectroscopy (1 H-NMR)

H-NMR was performed with a 300 MHz NMR spectrometer (Bruker Avance)

equipped with a 5-mm quadruple-nucleus probe. The spectra were acquired from
-4.1 to 16.5 ppm with a 30◦ pulse, an acquisition time of 2.65 s, and a total of 64
scans were collected per sample. Samples were dissolved at a concentration of 50
mg/mL in deuterated chloroform with tetramethylsilane (TMS) as a reference peak;
pentafluorobenzaldehyde (PFB) at a concentration of 0.017 g/mL was used as an
internal integration reference. Integration was performed with TopSpin 2.1 software
(Bruker Corp.), and peak assignments were taken from the literature [32].

13

5.3.6

C Nuclear Magnetic Resonance Spectroscopy (13 C-

NMR)
13

C-NMR spectra were acquired on a 500 MHz NMR spectrometer (Varian,

Inova) equipped with a double-resonance broadband probe. Proton decoupling was
applied only during the acquisition period (i.e., decoupling NOE). The sample (100
mg) was dissolved in 0.6 mL of DMSO-d6, and 2 mg of chromium (III) acetylaceto111

nate, a relaxation reagent, was added to the sample. The spectra were acquired from
-15 to 235 ppm with a 90◦ pulse, a recycle delay of 1.7 s, and an acquisition time of
1.2 s. A total of 10,000 scans were collected per sample. The baseline was manually
corrected based on a polynomial function. Peak assignments were taken from the
literature [33, 34].

5.3.7

Heteronuclear Single Quantum Coherence Nuclear Magnetic Resonance Spectroscopy (HSQC-NMR)
The gradient HSQC experiments (Bruker standard pulse sequence hsqcedet-

gpsisp2.2; phase-sensitive ge-2D multiplicity-edited HSQC using PEP and adiabatic
inversion and refocusing pulses with gradients in back-inept) were performed on a
900 MHz NMR spectrometer (Bruker Avance) equipped with a TCI triple-resonance
inverse-detection cryoprobe. Samples (100 mg each) were dissolved in 0.6 mL of
DMSO-d6. The solvent peak (δC/δH 39.5/2.49 ppm) was used as an internal reference. The spectra were acquired from 0 to 9 ppm in the F2 (1 H) dimension using
3,234 data points and an acquisition time (AQ) of 200 ms, and from -15 to 155 ppm
in the F1 (13 C) dimension using 512 increments (AQ of 6.66 ms). The number of
scans per t1 increment was 32, and the recycle delay was 1 s. The total experimental
time was 5 hr 37 min. Peak assignments were taken from the literature and from
databases [32, 35–38].

5.4

Results and Discussion
A composition of 90/10 wt/wt AcOH/H2 O was chosen for this work, as it is

reported to be a solvent mixture capable of dissolving a significant portion of the
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Figure 5.2. Cumulative percentage of original lignin that precipitated at each pressure, including the starting insoluble material and the final unprecipitated fraction.

lignin [39], and is a concentration that is typically used when aqueous acetic acid
has been investigated for pulping operations [27–29]. Furthermore, the solubility
of CO2 in binary acetic acid-water mixtures increases with increasing acetic acid
concentration [40–42], so CO2 would be expected to be a more effective antisolvent
for precipitating out lignin fractions in a highly-concentrated solution.
The cumulative percentage of the original SLRP lignin that precipitated after
each step is given in Fig. 5.2. Note that 42% of the original lignin remained undissolved in the starting acetic acid-water solution. The expected asymptotic behavior
was observed; however, after 90% of the original lignin had precipitated at 48 bar, no
further precipitation was observed up to the final pressure of 55 bar.
The molecular-weight distributions (MWDs) for each fraction, as well as for
the original SLRP lignin and for the unprecipitated lignin fraction that remained
in solution at the highest pressure, are presented in Fig. 5.3a; the number-average
molecular weight (Mn) and polydispersity (PDI) information for these fractions are
given in Fig. 5.3b. The range of MWs for the lignin fractions that were isolated
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Figure 5.3. Molecular-weight analysis of lignin fractions. (a) GPC chromatograms,
(b) Number-average molecular weight as function of CO2 pressure. Error bars for
fractions 2-8 are smaller than data point. Polydispersity represented by x’s.

is seen to be quite broad, from a low of 1,250 at 48 bar to a high of almost 15,000
at 7 bar, indicating the usefulness of CO2 -expanded solvents for fractionating lignin.
(The unprecipitated fraction had a MW of 625.) However, the chromatogram for
the 7-bar fraction (Fig. 5.3a) indicates the presence of high-MW species that were
not present in the original lignin. In addition, the portion of the lignin that did not
dissolve in the 90/10 AcOH/H2O solution (42%, see Fig. 5.2) also would not dissolve
in the GPC mobile phase for MW analysis (whereas the original SLRP lignin was
completely soluble), suggesting the possibility of condensation. In particular, Yasuda
et al. [43, 44] studied the behavior of lignin model compounds during acetic acid pulping and found evidence of such reactions. For example, under the acidic conditions,
dehydrative condensation occurred between the alpha carbon of one subunit with the
aromatic ring of another, resulting in the loss of an aliphatic -OH and the formation
of water [43]. The analogous, acid-catalyzed condensation reaction in lignin proper
was reported by Gellerstedt and co-workers [45].
The chemical functionality of the isolated fractions was determined using 1 H-
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Figure 5.4. Aromatic -OH (), aliphatic -OH (), and β-O-4 content (•) of the
fractions determined by 1 H-NMR, including the starting material (left) and the unprecipitated fraction (right). β-O-4 content determined by 13 C-NMR (M) of specific
fractions also shown for comparison (lines only to guide eyes).

NMR,

13

C-NMR, and HSQC-NMR. With respect to aromatic -OH content, it was

expected that aromatic -OH would increase with decreasing MW, and thus with increasing precipitation pressure, as smaller lignin molecules have more phenolic groups/monomer unit. Surprisingly, however, the phenolic content was not affected by the
fractionation process but the aliphatic content did undergo a slight decrease with
increasing precipitation pressure (see Fig. 5.4). The β-O-4 content (Structure A in
Fig. 5.6) was observed to undergo a slight decrease with increasing pressure, which
is consistent with the fact that lower MW lignin species will have a lower content of
these common linkages between lignin monomer units [46]. Acid-catalyzed cleavage
of β-O-4 could be occurring [43], but the CO2 -expanded solvent will fractionate the
species present according to MW, whatever their origin.
It is also of interest to compare these results to previous lignin fractionation work via a different technique, namely, precipitating the lignin directly from
the alkaline-liquor by-product (e.g., black liquor) via incremental pH reduction with
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gaseous CO2 at elevated temperatures [47] [48]. In that work, the phenolic content
of the precipitated lignin increased and the β-O-4 content decreased with decreasing
MW, as would be expected. The aliphatic -OH content change was similar to this
work, decreasing slightly with decreasing MW.
The relative linkage percentages and relative end-group percentages within the
lignin fractions were determined by HSQC-NMR (see Figs. 5.5 and 5.6). The observed
decrease in β-O-4 content with increasing pressure (Fig. 5.5a) is consistent with that
determined above in Fig. 5.4 by 1 H- and

13

C-NMR. The increase in stilbene content

(Fig. 5.5a) is consistent with condensation in the presence of acetic acid as proposed
by Yasuda [43], in which a formaldehyde is cleaved from the propyl side chain of a
lignin molecule, resulting in the loss of an aliphatic -OH group and the formation of a
stilbene product (ST in Fig. 5.6). (The formaldehyde can also undergo condensation
with aromatic nuclei yielding diarylmethane structures, but even if formed these
structures would not be expected to be visible, as their concentration would be too low
for detection [49–51]). Thus, the increase in stilbene is consistent with the decrease
in aliphatic -OH given in Fig. 5.4. Of the linkages detected, no significant differences
in the relative amounts of β-5 and β-β linkages (B and C in Fig. 5.6) were observed
between the fractions. Aliphatic, propyl-derived end groups consisting of cinnamyl
alcohol, dihydroconiferyl alcohol, and arylglycerol (X1-X3 in Fig. 5.6) were also
quantified, and decreases in all three with respect to increasing pressure/decreasing
MW were observed (Fig. 5.5b), which is consistent with the results for aliphatic -OH
groups in general seen in Fig. 5.4.
Although the dehydrative and formaldehyde-cleavage condensation reactions
described above do explain why our system would generally have a lower aliphatic
-OH content, the presence of these reactions does not explain why aliphatic -OH
content would decrease with increasing CO2 pressure and lower molecular weight, as
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Figure 5.5. a) Relative linkage contents from HSQC spectra including the starting material (left) and the unprecipitated fraction (right): β-O-4 (•), β-5 (◦), β-β
(M), stilbene (); b) Relative end-group contents from HSQC spectra including the
starting material (left) and the unprecipitated fraction (right): cinnamyl alcohol (N),
dihydroconiferyl alcohol (), arylglycerol ().

is seen in Figs. 5.3 and 5.4. In fact, this behavior is counter-intuitive, as lower MW
lignin species would generally be expected to have higher (and not lower) aliphatic
-OH content. However, consideration of the experimental method used in this work to
fractionate the lignin does provide a consistent explanation, as described next. Recall
that after each precipitation step, the acetic acid and water solution containing the
still-dissolved lignin is then re-charged to the Parr reactor (see Fig. 5.1), where it
is once again contacted with compressed CO2 to form a gas-expanded liquid at the
next, higher precipitation pressure. Thus, the lower MW lignin that stays dissolved
in the liquid solution is exposed to the acetic acid and water solution for long periods
of time, on the order of days for the fractions that precipitate out only at the highest
precipitation pressures (∼2 fractions/day were precipitated for a given experimental
run). Although the reactions discussed above may not be kinetically favored due to
the relatively low temperatures, this increased time for each successive fraction does
account for the gradual decrease in aliphatic -OH and increase in stilbene content
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Figure 5.6. HSQC spectrum of the fraction collected at 48 bar showing linkages and
end-groups identification. Aliphatic region is shown on the left, aromatic region is
shown in the middle, and structural groups are shown on right.
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that was observed. However, none of this explains why the phenolic content remains
essentially unchanged from the original SLPR lignin content for all fractions, even as
the β-O-4 content is decreasing.
The HSQC spectrum of a representative lignin fraction collected at 48 bar (Fig.
5.6), along with functional-group assignments and structures, reveals two important
characteristics of the lignin fractions. First, because the SLRP lignin was derived
from softwood, no syringyl (S) or p-hydroxyphenyl (H) lignin monomers are present
in the aromatic region (right spectrum). With only guaiacyl (G) monomers present,
which have one methoxy group per lignin monomer, all spectral information in Fig.
5.4 can be conveniently evaluated on a lignin-monomer subunit basis. The second
molecular characteristic to note is the absence of evidence for acetylation of the lignin
hydroxyl groups in any of the fractions (acetylated-Cα peaks would occur at δC/δH
75.65/6.11 ppm [32]). While acetylation was not expected given the relatively high
concentration of water (∼10 wt%) in the solvent and low temperatures (25 ◦ C), its
occurrence would have reduced the attractiveness of CO2 -expanded solvents for the
fractionation of lignins. In addition, any acetylation would have reduced the accuracy
of the MW results.

5.5

Conclusions
The fractionation of Kraft lignin is an important step in the valorization of this

abundant material for biomaterials applications. A renewable solvent/anti-solvent
system composed of acetic acid-water solutions with CO2 can be used to fractionate
raw lignins derived from any biomass source in terms of molecular weight. For example, a Kraft lignin was precipitated into 7 fractions of decreasing molecular weight
(i.e., from ∼15,000 to 1,250) by expanding a concentrated acetic acid-water solution
119

with CO2 , starting at a pressure of 7 bar and extending to almost 50 bar. A key,
surprising find in this work was that the lignin chemical functionality (e.g., phenolic
content) hardly changed between the different MW fractions, in contrast with the
conventional method for fractionating lignins, namely, pH-induced precipitation from
the alkaline-liquor by-product with an acid. Furthermore, very low MW cuts could be
obtained from the gas-expanded liquid, something that would be impractical if a classic method such as mixed-solvent extraction were used. Thus, gas-expanded liquids
provide an alternative method for generating lignin fractions that exhibit significant
differences from those obtained via conventional means. Acid-catalyzed condensation
reactions did occur, but evidence suggests that the effect of these reactions was small
for most of the recovered fractions. Finally, gas-expanded liquids offer significant
advantages over conventional solvent extraction systems in terms of solvent recovery
and re-use.
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Chapter 6
Liquid-Liquid Compositions of the
Pseudo-Ternary Lignin-Acetic
Acid-Water System for
Applications to Lignin Purification
and Fractionation Processes
6.1

Abstract
Liquid-liquid equilibrium (LLE) tie-line compositions were measured for the

pseudoternary system lignin-acetic acid-water at 70 and 95 ◦ C, conditions of interest
in the ALPHA process for the purification and fractionation of lignin. Fourteen
tie lines were measured, using overall feed compositions between 5 and 15 wt %
lignin in the solvent mixture. Sample compositions were determined via Karl Fischer
titration for water and gravimetric analysis for lignin, with acetic acid being obtained
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by difference. The molecular weights of the lignin in each phase were measured by
GPC. The phase behavior indicates that a region of LL immiscibility exists in the
solvent-rich region of the composition space that would allow for the fractionation and
purification of raw lignins recovered from biomass by-product streams such as alkaline
liquors (e.g., black liquor). Surprisingly, the solvent composition in each phase was
similar to that of the feed, indicating minimal selective partitioning of acetic acid and
water. Furthermore, acid-catalyzed condensation reactions can lead to broadening of
the LL region with increased temperature.

6.2

Introduction
Lignin is an abundant biopolymer found in plants and woody biomass that

has attracted attention becasue of its highly aromatic structure, which makes it attractive for catalytic [1] or enzymatic conversion [2] to platform chemicals (e.g., BTX
chemicals) or fuels. Furthermore, its use as a precursor for materials applications
such as phenol-formaldehyde resins [3, 4], polyurethane foams [5, 6], and even carbon
fibers [7, 8] has been proposed. A large, readily available source of lignin is found in
the pulp-and-paper industry (approximately 50 million tons per year [9]), primarily
from Kraft pulping process [10]. In particular, the lignin is separated from cellulose during digestion and recovered in an intermediate stream known as black liquor,
where it is burned for its heating value. Lignin as a renewable material or biopolymer
is attractive because of its potentially low cost [7, 11] if acceptable properties can
be obtained. However, the lignin recovered from black liquor contains metal impurities, mainly sodium, that must be removed before downstream processing, as they
can inhibit catalytic/enzymatic processes or have deleterious effects on the properties
of any lignin-based materials that might be produced [12–14]. In addition to being
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cleaned, the lignin might also have to be fractionated to enhance its value, as limited
evidence [15] indicates that molecular weight also can have a significant impact on
material properties.
As discussed previously, several technologies [16–18] have been developed to
recover the lignin found in black-liquor streams (or other alkaline-liquor streams) in a
low-ash (i.e., 1-4 wt % ash) form. The lignin can be used for low-value applications,
and large increases in the global capacity of low-ash lignin have recently taken place.
However, for higher-value applications where ash content plays a crucial role in either
the processability of the lignin (e.g., catalytic-depolymerization processes) or the final
properties of the product (e.g., carbon fibers), further processing must be done to
remove the remaining metals that contribute to ash formation.
Recent studies [19] have shown that lignin, when mixed with acetic acid and
water and heated under the appropriate conditions, can undergo a phase transition
from a solid-liquid (SL) to a liquid-liquid (LL) system. The heavier liquid is a highly
solvated, lignin-rich phase that contains the purified, higher molecular weight species,
and the lighter liquid is a solvent-rich phase containing the extracted salts along with
the more soluble, lower molecular weight portion of the lignin. Furthermore, this
process, known as aqueous lignin purification with hot acids (ALPHA) [20], can be
carried out in multiple stages to not only purify the lignin down to parts-per-million
levels (<50 ppm) of metal impurities, but also fractionate the lignin by molecular
weight.
Although ALPHA demonstrates significant potential, the underlying phase
behavior is not well understood. Thus, liquid-liquid phase equilibrium data for the
lignin-acetic acid-water system is required. Recently, both visual observation [19]
and electrochemical impedance spectroscopy (EIS) techniques [21] were used to measure the phase transition of this system from solid lignin-liquid solvent to liquid-lignin
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liquid-solvent over the range of solvent compositions relevant to ALPHA, but the compositions of each of the phases were not measured. Thus, in this work, equilibrium
tie-line compositions of the lignin-acetic acid-water system were measured at 70 and
95 ◦ C, and pseudoternary phase diagrams were constructed from the ensuing data.
Although the focus of this paper was determination of LL phase-equilibrium compositions (in other work the salt content was also determined [19, 22]), the molecular
weight of the lignin in each of the two liquid phases was also measured to characterize the extent of acid-catalyzed condensation reactions that can occur in these
systems [23].

6.3
6.3.1

Materials and Methods
Materials
A low-ash Kraft lignin was recovered from a softwood black liquor with a

Kappa number of 25 and a solids content of 42 wt% by means of the SLRP process
[18, 24]. This lignin was then dried at ambient temperatures (25 ◦ C) in a vacuum
oven (∼10 mm Hg) for 24 hours to a final solids content of 95 wt% (residual water
measured by Karl Fischer as described below), and stored in a desiccator. Glacial
acetic acid (cat. no. MKV193-45) and anhydrous pyridine 99.8% (cat. no. 270970)
were supplied by VWR. Hydranal R Solvent (cat. no. 34800) and Hydranal R Titrant
5 (cat. no. 34801) for volumetric two-component Karl Fischer titration were supplied
by Sigma Aldrich. Lithium bromide (cat. no. 35705-14) and HPLC grade (99.7+%)
N,N-dimethylformamide (cat. no. 22915-K7) for GPC analysis were obtained from
VWR. Deionized water was obtained from an in-house distillation apparatus followed
by a water purification unit (Millipore Milli-Q Academic).
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6.3.2

Phase Behavior Experiments
To create the liquid-liquid system of interest, lignin, acetic acid, and water

were weighed into 9-dram glass screw-top vials (VWR part no. 66012-066), along
with a stirring bar, and sealed with caps that contained a bonded PTFE/silicone
septum (VWR part no. 89042-292); a typical sample consisted of 1.5 g of lignin and
13.5 g of solvent. The vial was then heated in an oil bath with stirring of its contents,
a mixture of solid-lignin particles and solvent, until the temperature-induced phase
transition from solid-liquid to liquid-liquid occurred. That is, the solid lignin particles
first swelled, then coalesced into liquified globules, and then finally agglomerated at
the bottom of the vial to form a continuous, lignin-rich liquid phase. The desired
LL phase split occurred within 5-10 min; the phases were then allowed to equilibrate
for 15-20 min. After 30 minutes had elapsed, the vial was removed from the bath,
the lid was unscrewed, and the less dense, solvent-rich phase was decanted into an
identical, pre-weighed vial. Both vials were capped and allowed to cool before being
weighed. As the samples cooled down to ambient temperature, precipitation of lignin
in the solvent-rich phase occurred, while the lignin-rich phase solidified. The samples
were homogenized by the addition of approximately 10 g of pyridine to each vial,
facilitating complete dissolution of the lignin and resulting in a single liquid phase in
each vial.
A magnetically stirred, 2-L insulated silicone oil bath was heated with a 200W quartz immersion heater (VWR part no. 470122-464); the temperature of the
bath was controlled with an OMEGA Series CN8500 controller, and temperature
oscillations in the bath were measured to be within 0.2 ◦ C of the set point. The
vial containing the lignin-solvent mixture was clamped into the oil bath such that the
liquid interface inside of the vial was below the oil level, and was stirred at a rate of 350
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rpm. The temperature inside of the vial was monitored with a 1-mm o.d., grounded,
T-type thermocouple (Omega part no. SCPSS-040G-6-SHX), inserted through the
septum of the cap, and reached the set point within 10 min of being inserted into
the oil. The thermocouple was calibrated against a secondary standard RTD (Burns
Engineering, Model No. 18072-A-6-30-0-A/LT60) to an accuracy of ±0.1 ◦ C.

6.3.3

Karl Fischer for Water-Content Determination
To determine the water content of each phase, Karl Fischer titration was car-

ried out on the homogenized (both solvent-rich and lignin-rich) phases. For a typical
analysis, forty mL of Hydranal R Solvent were added to the Karl Fischer (Mettler
Toledo model DL31) titration vessel, and pre-titration was carried out. The vessel was then left to equilibrate until the measured drift value was steady and below
10 µg/min. An aliquot of the homogenized sample, that is, 0.1 g of homogenized,
solvent-rich phase or 0.3 g of homogenized, lignin-rich phase, was loaded into a glass
syringe and weighed. The sample was injected into the titration vessel, the empty
syringe was then weighed, and the difference was used as the injected mass. Care was
taken to make sure that the entire sample was transferred to the solvent and that
nothing ended up on the walls of the vessel. Titrations took approximately 2 minutes,
depending on the water content of the sample and the number of previously titrated
samples in the same solvent. Samples were titrated in triplicate and were found to
be reproducible to within 2 wt%. The solvent in the titration vessel was replaced approximately every 10 injections when the solvent power (i.e., the SO2 concentration)
was depleted, as indicated by the Karl-Fischer device.
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6.3.4

Lignin and Acetic Acid-Content Determination
To determine the lignin and acetic-acid content of each phase, 3-mL aliquots

of the homogenized, lignin-rich phase samples were diluted with 40 mL of DI water
in a 50-mL centrifuge vial. This caused the precipitation of the lignin, which was
then recovered by centrifugation at 6,000 rpm for 30 min. The lignin was then dried
in a vacuum oven, operating at 10 mm Hg and 50 ◦ C, for 6 hours. The dried mass
was taken as the amount of lignin in the aliquot, and the acetic-acid composition was
then calculated by difference (the water content was previously determined above by
Karl Fischer). For homogenized, solvent-rich phase samples, this procedure did not
provide accurate results, as the lignin was relatively dilute in these samples. In this
case, the vials containing the homogenized, solvent-rich phase were weighed and then
placed in an oven at atmospheric pressure and 120 ◦ C for approximately 12 hours
to evaporate most of the solvent. Sample vials were then transferred to a vacuum
oven operating at 120 ◦ C and 10 mm Hg to remove any remaining solvent that was
trapped in the polymer. After 4 hours (determined by Karl Fischer as a sufficient
amount of time to remove any remaining water), the samples were removed from
the vacuum oven and placed in a desiccator to cool before being weighed for lignin
content. Acetic-acid content was then determined by difference.

6.3.5

Molecular Weight Analysis by Gel Permeation Chromatography (GPC)
The molecular weight of the lignin in the homogenized samples was deter-

mined by GPC (Alliance GPCV 2000). Two columns were used in series: a Waters Styragel R HT5 column (10 µm, 4.6 mm x 300 mm) followed by an Agilent
PolarGel-L column (8 µm, 7.5 mm x 300 mm). The mobile phase consisted of 0.05
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M lithium bromide in N,N-dimethylformamide at a flow rate of 1 mL/min. Homogenized samples were dissolved in the mobile phase at a concentration of 2 mg/mL
and filtered using a 0.2-µm nylon-membrane syringe filter (VWR, part no 28145487). Poly(ethylene glycol) (PEG) calibration standards were used for estimation of
number-average molecular weight and were detected by refractive index with a Waters differential refractometer, while lignin samples were detected by UV-vis with a
Waters 2487 detector at 280 nm.

6.4

Results and Discussion
Measured liquid-liquid compositions of the pseudoternary lignin-acetic acid-

water system at 70 and 95 ◦ C were plotted on ternary phase diagrams and can be seen
in Figures 6.1 and 6.2, respectively. The data were taken in the region of liquid-liquid
(LL) immiscibility in the solvent-rich region of the diagram (i.e., <50 wt% lignin),
as this is the region of interest to lignin-purification processes such as ALPHA [19].
Samples were taken in triplicate, and the averages are plotted as tie lines. The phase
compositions along with standard deviations for each component are listed in Table
6.1. Twelve tie lines were measured with a feed solvent composition ranging from 37
to 85 wt% water and overall lignin compositions of 10 wt%. Two tie lines, one at 5
wt% and the other at 15 wt% lignin, at a feed solvent composition of 40 wt% water
were also measured (see Figure 6.5 to determine the effect of lignin concentration on
the tie-line compositions, as the lignin is a complex multicomponent polymer making
the system not a true ternary system.
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Figure 6.1. Liquid-liquid equilibrium compositions for the acetic acid-water-lignin
system at 70 ◦ C, and a feed lignin composition of 10 wt%. Circles (•) are phase
compositions, triangles (N) are feed compositions.

Figure 6.2. Liquid-liquid equilibrium compositions for the acetic acid-water-lignin
system at 95 ◦ C. Circles (•) are phase compositions, triangles (N) are feed compositions, and Xs are compositions measured in the single-phase region.
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Table 6.1. Tie-line composition data (in mass fraction) for the acetic acid-water-lignin system at 70 and 95 ◦ C.
Temp.

◦

95 C
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70 ◦ C

Tieline
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Feed Parameters
Solv. Comp. Solv.:Lig.
AcOH:H2 O
[g:g]
15:85
9:1
20:80
9:1
25:75
9:1
30:70
9:1
40:60
9:1
50:50
9:1
60:40
9:1
63:37
9:1
60:40
19:1
60:40
17:3
40:60
9:1
50:50
9:1
60:40
9:1
70:30
9:1

Lignin-Rich Phase
Lignin
Water
AcOH
[%]
[%]
[%]
28.65±1.42 58.95±1.14 12.40±0.58
41.07±3.35 45.69±2.37 13.24±0.99
38.75±0.35 45.45±0.14 15.80±0.49
42.46±0.09 42.79±0.43 14.75±0.33
50.16±2.32 29.83±2.06 20.01±1.44
45.06±1.11 29.33±0.49 25.61±0.84
37.00±0.75 26.43±0.94 36.58±0.57
39.36±0.84 25.09±2.21 35.55±1.98
34.33±2.30 32.83±2.53 32.84±0.23
40.64±0.71 25.20±0.50 34.15±0.81
33.60±1.51 37.88±1.77 28.52±0.26
38.57±1.54 30.52±0.36 30.91±1.18
41.17±1.68 24.02±0.54 34.81±1.99
26.68±0.86 23.94±0.11 49.38±0.75

Solvent-Rich Phase
Lignin
Water
AcOH
[%]
[%]
[%]
0.93±0.10 85.43±1.94 13.64±1.90
0.96±0.02 78.58±0.27 20.46±0.29
1.10±0.04 74.40±0.04 24.50±1.63
1.35±0.01 71.08±1.72 27.57±1.72
2.19±0.14 58.83±0.90 38.98±0.84
3.97±0.22 49.53±0.67 46.50±0.88
6.65±0.71 38.09±1.00 55.25±0.55
7.48±0.46 33.66±0.84 58.87±1.30
3.32±0.01 38.58±0.46 58.10±0.45
7.76±0.25 37.95±0.28 54.29±0.24
3.33±0.23 58.09±0.14 38.58±0.37
3.22±0.01 48.74±0.53 48.04±0.52
4.66±0.15 37.70±0.61 57.63±0.46
8.27±0.08 27.43±0.14 64.30±0.22

The uncertainty of the water-content measurement was determined by analyzing an Apura R water standard (VWR part no. 1.88052.0010) and found to be less
than 1% relative error. For the uncertainty in lignin content, a standard was made
by measuring out a known quantity of lignin, acetic acid, and water in an analogous
ratio to that of lignin-rich samples (i.e, 40% lignin, 30% AcoH, 30% water), and analyzed via the precipitation method described above, and found to be less than 5%
relative error. In summary, based on an error analysis incorporating the uncertainties
in temperature and compositions, we determined that the compositions reported in
Table 1 are accurate to within 5% relative error for the minor components in the
solvent-rich phase, and to within 10% relative error for the minor components in the
lignin-rich phase.
The temperatures chosen, 70 and 95 ◦ C, were selected based on previous work
which measured the temperature at which the SL-LL transition occurs [21] (see Figure
3.2). For lignin purification/fractionation processes, such as ALPHA, the region of LL
immiscibility is critical for operation. Data show that if the operation temperature is
too low, the LL region is too small (i.e., large SL region). A similar issue is encountered
at higher temperatures where the existence of a one-phase region (see Figure 6.3)
reduces the operating window of solvent compositions. In the range of 70-95 ◦ C, the
LL region is large enough such that tie lines could be measured across a significant
portion of solvent compositions. Other LL regions exist, but are not of interest for
two main reasons: (1) the other regions are not large enough to effectively tune the
distribution of lignin between the two phases to be of any practical application, and
(2) the selectivity of salt relative to lignin in the other regions is far too low to be of
interest [19].
There are several interesting features of the diagrams that are worth discussing.
First, the partitioning of the acetic acid and water between the two phases is of
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Figure 6.3. Proposed ternary phase behavior of the lignin-acetic acid-water system
illustrating the approximate locations of liquid-liquid and solid-liquid immiscibility.

interest, as it can provide information about the intermolecular dynamics that are
occurring within the system that cause this phase behavior. However, note that there
are no significant differences between the ratios of acetic acid and water between each
phase at any given feed composition (i.e., the selectivity for acetic acid to water is
essentially 1 over the entire composition and temperature range tested). This can
be visually extracted from the diagrams by noticing that all tie lines are parallel
to an imaginary line drawn between the 100%-lignin apex, and the binary AcOHwater point corresponding to the feed solvent composition of any given tie-line. In a
traditional liquid-liquid extraction system, a stronger affinity of a specific phase over
another for a specific component (due to favorable intermolecular interactions) leads
to a distribution of that component between the two phases, called a selectivity. It was
expected that in this case, given the ability of glacial acetic acid to dissolve a portion
of the lignin (approximately 50 wt%) indicating strong interactions between the two,
and the complete absence of such an interaction between lignin and water, that the
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solvent portion of the lignin-rich phase would contain more acetic acid because of a
higher affinity of the lignin for that component. However, this is not the case, and
the data show that the relative concentration of acetic acid to water is essentially
the same for both lignin and solvent-rich phases (and equal to the feed composition).
This could indicate that neither component by itself is playing a critical role in the
melting of the lignin (e.g., contributing to a change in configuration) and that the
observed phase transition is a consequence of a cosolvent effect that water has with
the acetic acid.
Another important aspect of these diagrams to recognize is the behavior of
the phase envelope with temperature. In the ternary diagram at 70 ◦ C, a LL region
exists in the middle of the diagram, and is observed to grow larger as the temperature is increased to 95 ◦ C. This is not intuitive, as one would think that with
increasing temperatures the mutual miscibility of each phase would increase as the
system approaches an upper critical solution temperature (UCST), such that above
that temperature, only a single liquid phase is present (i.e., increased solubility of
all components in each phase with increasing temperature to the point of complete
miscibility). However, this is not the case, and can be explained by either the presence of a lower critical solution temperature (LCST) or by taking into account the
molecular weight of the fractions in each phase, as seen in Figure 6.4. As temperature
increases, the molecular weight of the lignin in the lignin-rich phase increases due to
condensation reactions [23, 25–27] known to occur in these systems which facilitate
the formation of an insoluble fraction that composes the lignin-rich phase. Although
this fraction can still be sufficiently solvated such that it can melt and form a liquid
phase, it will never completely dissolve in the solvent due to the increased molecular weight. Evidence for this can be obtained when temperatures are taken to an
extreme (200 ◦ C), at which point the solubility of the polymer drops significantly
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Figure 6.4. Number-average molecular weight of lignin in each phase. Lignin-rich
phase, 95 ◦ C (N), LR phase 70 ◦ C (M), SR phase 95 ◦ C (•), SR phase 70 ◦ C (◦).

resulting in a solid char. This behavior indicates that our system never reaches a true
thermodynamic equilibrium, as reactions must also be considered.
In Figure 6.4, we can see the number-average molecular weights of the lignin
in each of the phases as a function of the feed solvent composition. If we first consider
solvent compositions rich in water, (1) this is a relatively weak solvent, so only the
lowest molecular weight species are soluble, and (2) due to the low concentration of
acetic acid, relatively few condensation reactions take place. We would then expect
to see a low MW solvent-rich phase and a lignin-rich phase with a MW distribution
close to that of the starting material, which is what we observe. As we start to
increase the concentration of acetic acid, the solvent becomes stronger and is more
capable of dissolving higher molecular weight species. This would then cause the
average molecular weight of both phases to gradually increase, which is observed.
As the acetic acid concentration is increased further, condensation reactions start to
become prevalent, which in turn causes a significant increase in molecular weight to
occur. This increase in molecular weight is only observed in the lignin-rich phase;
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however, this would be expected as the lignin concentration is much higher here as
opposed to the solvent-rich phase. Similar results have been reported in previous
work [19]. Temperature also affects the molecular-weight distribution of the lignin in
each phase: it would be expected that at higher temperatures, one would generally
have higher MWs in both phases as it is (1) a stronger solvent and more capable of
dissolving higher molecular weight species, pushing the average of both phases up, and
(2) condensation reactions are expected to be more prevalent at higher temperatures.
In a conventional ternary system that exhibits LL immiscibility, the location
of the phase envelope (i.e., the collection of points that represents phase compositions
and that traces a curve that bounds the LL region) is static, and does not change
with feed composition. Instead, any changes in feed composition along a single tie
line are simply reflected in the relative amounts of each phase that are present. In
this work, three separate feed compositions along the same tie line (40% water) were
measured at 5, 10, and 15 wt% lignin, and the resulting equilibrium compositions
can be seen in Figure 6.5. It should be noted that the location of the equilibrium
compositions shifts to higher lignin compositions at higher feed-lignin concentrations.
This is indicative of a pseudoternary system where the lignin is a pseudo component
(i.e., not a single component, but a mixture of oligomers), where some oligomers reach
phase saturation before others.

6.5

Conclusions
Liquid-liquid equilibrium phase compositions have been measured for the solvent-

rich region of the pseudo-ternary acetic acid-water-lignin system at temperatures
relevant to lignin purification and fractionation processes such as ALPHA. To our
knowledge these are the first LLE phase compositions ever measured for lignins in
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Figure 6.5. Tie lines for the acetic acid-water-lignin system at a feed solvent composition of 40 wt% water, lignin compositions at 5 (◦), 10 (), and 15 (M) wt%
lignin.

the presence of a solvent or solvent mixture. Samples were collected via a batch process and analyzed by both titration and gravimetric analysis. The molecular weight
of the lignin in each phase was also measured by GPC. The data illustrate a large
region of LL immiscibility where the distribution of lignin between the two phases can
be tuned to provide lignins fractions of controlled molecular weight for biopolymer
and materials applications.
Because of the multicomponent nature of lignin, phase compositions were observed to shift as a function of feed composition along a given tie line; an increase
in feed lignin composition from 5 to 15% led to a 6% increase in the lignin composition of the lignin-rich phase, and an even smaller change in the solvent-rich phase.
Condensation reactions were observed to form an insoluble fraction that broadens the
region of LL immiscibility with increasing temperature. Also, effectively no selective
partitioning of the acetic acid and water between the phases was observed.
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The purification and fractionation of lignin is an important aspect to the valorization of this abundant by-product, and the data taken herein will aid processes
such as ALPHA which take advantage of the unique liquid-liquid phase behavior that
occurs to produce ultrapure lignin in a cost-effective and efficient manner.
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Chapter 7
Conclusions and Recommendations
The work in this dissertation was engendered by the need for a practical
method for the purification and fractionation of lignin, specifically black-liquor-derived
lignin, which could then be used as an inexpensive precursor for high-value materials applications. Preliminary experiments with acetic acid contaminated with water
hinted at the existence of a unique phase behavior, which led to the development of
a process known as Aqueous Lignin Purification with Hot Acids, or ALPHA. In this
study, the phase behavior of aqueous acetic acid with lignin was explored, with the
effects of both solvent composition and lignin concentration on the properties of the
lignin product being investigated. Both batch and continuous operation of ALPHA
were realized and the goal of generating lignins with less than 100 ppm metals content
was achieved. A more fundamental study was then carried out involving the development of a technique to measure the solid-liquid phase-transition temperature of this
system where standard methods (e.g., DSC) weren’t applicable. ALPHA has shown
itself to be a robust technique for producing ultrapure lignin fractions from a variety
of lignin sources, and both the phase equilibrium and molecular-properties data that
have been collected will serve as valuable resources for developing lignin-processing
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technologies to convert today’s lignin by-product streams into upgraded, value-added
products.

7.1

Conclusions
In Chapter 2, the initial experiments that laid the foundation for ALPHA were

discussed. It was observed that the system would undergo a phase transition from
solid-liquid to liquid-liquid equilibrium, with this transition being a strong function
of the solvent composition. Batch experiments showed that a minimum in phasetransition temperature occurred near 80 wt% acetic acid, corresponding to solutions
of high solvent power. Another important discovery was that the distribution of
lignin between the phases can be adjusted such that the lignin can be partitioned
between the phases as desired; that is, at stronger solvent compositions more lignin
is dissolved in the solvent-rich phase, and at weaker solvent conditions, where more
water is present, more lignin is found in the lignin-rich phase. This phase behavior
showed promise as the basis for both a liquid-liquid extraction process, as the metals
content of the lignin in the lignin-rich phase had been significantly reduced (∼90%),
and a fractionation process, as the lignin also partitioned between the two phases
based on molecular weight. ALPHA was then demonstrated as a two-stage batch
process, where the lignin-rich phase from the first stage was carried over to a second
stage with a different solvent composition, with the resulting product being ultrapure
(i.e., containing <100 ppm metals).
In Chapter 3, the push for a more robust method for determining the phasetransition temperature described above inspired the use of a technique called electrochemical impedance spectroscopy (EIS), which is conventionally used for characterization of energy-storage devices (e.g., batteries, capacitors, etc.). In this collaborative
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effort between the Thies and Roberts groups, the polarization resistance of the acetic
acid-water-lignin system was found to be a function of temperature, going through a
maximum as the sample was heated through the phase-transition temperature. This
behavior was attributed to the electrical properties of the multiphase system and the
intermolecular interactions between the lignin and solvent. The techniques developed
in this chapter can potentially be extended to other polymer-solvent systems.
In Chapter 4, a continuous version of ALPHA was developed to reduce residence times and mitigate issues of polymerization reactions and the relatively low
volume of material that could be processed at batch conditions. In brief, a slurry of
lignin was prepared with a batter-like consistency that was continuously fed with a
progressive cavity pump to a heated static-mixing element where it was mixed with
the acetic acid-water solvent. This continuous version of ALPHA was successfully
applied to 3 different lignins and demonstrated that ultrapure lignin fractions can be
generated after only one processing step.
In Chapter 5, an alternative fractionation method to ALPHA, with the capability for readily generating multiple lignin fractions without the use of multiple solvent
compositions, was investigated. In particular, mixtures of acetic acid and water serving as a solvent for lignin were expanded with compressed CO2 (the antisolvent) at
different pressures to precipitate fine fractions of lignin of distinct molecular weights.
The chemical functionality of the fractions was measured, but minimal differences between fractions were found, even as their molecular weight varied dramatically. Thus,
gas-expanded liquids give us an alternative method for generating lignin fractions that
exhibit significant differences from those obtained via conventional means.
In Chapter 6, the first liquid-liquid phase composition measurements for the
solvent-rich region of the pseudo-ternary acetic acid-water-lignin system at temperatures relevant to lignin purification and fractionation processes such as ALPHA are
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presented. Samples were collected via a batch process and analyzed by titration and
gravimetric analysis. Molecular weight of the lignin in each phase was also measured
by GPC. The data illustrate a large region of LL immiscibility where the distribution
of lignin between the two phases can be tuned to provide ultrapure molecular-weight
fractions for high-value materials applications. The measured tie lines at 70 and 95
◦

C illustrate the non-equilibrium, pseudo-ternary nature of the system; however, this

is expected due to the oligomeric and reactive nature of lignin. Phase compositions
were observed to shift as a function of feed composition along a given tie line, and
condensation reactions were observed to form an insoluble fraction that broadens the
region of LL immiscibility with increasing temperature. Also, no selective partitioning
of the acetic acid and water between the phases was observed.
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